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Egon Loren3, 1892-1954 





This issue of the Journal of the National Cancer Institute is dedicated to the 
memory of Egon Lorenz, Chief of the Radiation Branch of the National Cancer 
Institute, who died on February 12, 1954, at the age of 62. At the time of his 
death, he was widely acknowledged as one of the foremost investigators in the 
rapidly unfolding field of radiobiology. Some of his many colleagues and friends 
have contributed papers for this issue as a final tribute to him and to his scientific 
accomplishments. I am greatly honored to have been invited by the Editor to 
tell those who did not know him personally something about Egon Lorenz as a 
scientist and as a man. 

Lorenz was above all else an honest and forthright man who disdained pomp, 
power, and pretense, a man who was usually called “Egon” rather than “Doctor 
Lorenz” by his associates, young or old. He would undoubtedly have been 
deeply embarrassed, and would have objected vigorously, at the proposal to honor 
him here. It seems fitting, therefore, to make this essay simple and informal, in 
keeping with the personality of Egon himself. 

He was born in Breslau, Germany, and received his doctorate in physics at the 
University of Breslau in 1921. He studied briefly at the University of Zurich 
and then went to Frankfurt to work with Friedrich Dessauer. Here, in the next 
few years, he made several significant contributions in radiologic physics, pri- 
marily in relation to problems of dosimetry, and designed an early condenser 
discharge apparatus for high intensity radiography. In 1927, he was awarded 
a Rockefeller International Research Fellowship and came to this country to 
continue his research at Harvard with Professor William Duane, then one of the 
world’s greatest radiation physicists. 

Lorenz loved Cambridge and decided to stay on after his fellowship tenure was 
over. The United States Public Health Service had established a small field 
unit for experimental cancer research,at Harvard University Medical School, 
and in 1930 Dr. J. W. Schereschesesky of the United States Public Health 
Service, who was in charge of the Laboratory, asked Lorenz to join his staff as 
its first biophysicist. It was this nucleus of men who, almost 10 years later, 
moved to Bethesda to carry on their work in the newly created National Cancer 
Institute. During these early years at Cambridge, Lorenz dropped radiation 
physics to render general biophysical assistance and consultation to the biologists 
and chemists of the group, who were occupied with studies on the mechanism of 
carcinogenesis by the hydrocarbons. He worked out techniques for the spectral 
analysis of trace residues of these compounds in tumors induced by them, and 
methods for preparing and administering the hydrocarbons and steroid hormones 
in colloidal and emulsion form. In the course of these labors, he managed to 
become a self-taught biologist, and learned to think in biological as well as physical 
terms. 

It was during World War II, however, that his scientific career entered its 
most intuitive and productive phase, with a return to his original field of interest, 
radiation and its biological effects. At that time, many international experts, 
with almost no experimental data available to guide them, had made the educated 
guess that 0.1 roentgen per 8-hour working day could be tolerated without demon- 
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strable injury by those occupationally exposed to ionizing radiation. This was 
a point about which the infant field of atomic energy could ill afford to guess. 
Lorenz was asked to participate in the Plutonium Project, and assigned the task 
of evaluating the biological hazards of radiation at dose levels in the tolerance 
range. His classic study, conducted under wartime stresses and difficulties, 
indicated that in several species, and presumably also in man, the accepted toler- 
ance dose was too close to the danger level at which longevity is appreciably reduced 
and tumor incidence significantly increased. Largely as a result of his findings, 
the internationally accepted tolerance dose has been revised downward to provide 
a greater margin of safety. 

After the war, the Plutonium Project was reorganized as the Argonne National 
Laboratory, with which Lorenz retained an affiliation as a consultant. He partic- 
ipated in several radiobiologic investigations with members of its staff, and worked 
in particular with Dr. Leon Jacobson, of the University of Chicago, in a study 
of the effects of radiation on the blood-forming tissues. In 1948, Jacobson and 
his associates made the exciting discovery that mice whose spleens had been ex- 
teriorized and lead-shielded during systemic X irradiation failed to die after doses 
that killed virtually all controls. As this group amplified and extended their work, 
their findings suggested to Lorenz that the protective activity of the mouse spleen 
might be related to its important role as an extramedullary hematopoietic organ. 
Accordingly, he injected mouse bone marrow into irradiated mice of the same strain, 
without spleen shielding, and found that it prevented postirradiation death in 
exactly the same way. Subsequently, he and his colleagues found that marrow 
and bone from other strains, and even from other species, also conferred protection, 
though of lesser degree. He was working actively on the biological characterization 
of the active factor in marrow at the time of his death. 

Although they were perhaps overshadowed by his work on bone marrow, a num- 
ber of other highly important lines of radiobiologic research were developed by 
Lorenz during the postwar years. He extended his earlier work on chronic radia- 
tion injury; observed and described the development of cataracts in mice exposed at 
birth to relatively small X-ray doses; studied the distribution, excretion, and dosim- 
etry of injected radium and radon in mice, and compared the biological effectiveness 
of their a-rays with that of 200 kv. X rays; investigated the mechanism of carcino- 
genesis by radiation, with particular emphasis on lymphatic leukemia and lympho- 
sarcoma, and ovarian, mammary, and pulmonary tumors; and explored afresh 
the field of experimental radiation therapy of tumors. In the last-named study, 
he discovered that small doses of whole-body irradiation can synergize with local 
irradiation to enhance regression, and even to effect permanent cure, of trans- 
planted lymphosarcomas in mice. 

He led an active and productive section, in which several quite unrelated ap- 
proaches to the cancer problem have been under study by independent senior inves- 
tigators, whom he very carefully left alone. He avoided domination of his group, 
and encouraged and developed initiative and independence in its junior members. 
In no sense an empire builder interested in personal power or kudos, he fought 
vigorously for improved facilities, more advanced equipment, and an augmented 




















budget for his section whenever he felt that its scientific productivity might otherwise 
be curtailed. At scientific meetings at home and abroad, he was an impressive 
and much respected representative of the best ideals and traditions of the National 
Cancer Institute. 

Let us try now to form some picture of Egon Lorenz as a man. Of moderate 
height, his slender rugged frame gave one the impression of a relatively tall, athletic 
man. He was an emotionally intense man who habitually maintained his emo- 
tions under tight control. In the company of friends, he had a ready and hearty 
laugh and a gay, almost boyish charm. Egon had tremendous drive and vitality, 
and despite a heart attack in 1945 that left him subject to disabling anginal pain, 
could regularly be found in the laboratory or at his desk on weekends and after 
hours. The heart attack was particularly tragic for him because it brought to an 
end the skiing, mountain climbing, and outdoor life he had so actively enjoyed till 
then. He refused, however, to give up another early enthusiasm, dancing; he was 
gifted with an excellent sense of rhythm, was particularly adept in the tango, and 
readily learned intricate native dances on his foreign trips. He loved the rugged 
beauties of nature, especially the snow-capped peaks of the Alps and the Andes, 
and the crash of ocean waves on a rocky seashore. Egon and Marjorie, his young 
wife with whom he enjoyed a few brief years of marital happiness before his death, 
particularly delighted in strolling along the relatively deserted beaches of Nantucket 
in early summer. Because of his cardiac illness and his aversion for large social 
gatherings, they led a rather secluded and simple life during these years. Yet, 
paradoxically, Egon Lorenz was a man who lived his life to the fullest and knew 
how to savor and enjoy the process of living. His close friends were few because he 
regarded friendship as a precious element of life; to them he was intensely devoted 
and sympathetic. Those who were fortunate enough to know him intimately must 
feel particularly keenly the great loss which his death represents for all scientists 
in the fields to which he contributed so much. 


Henry S. Kaplan 
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The Histopathology of Bacterial Infec- 
tion in Irradiated Mice ' 


Cuar.tes C. Conepon, FLetcHer P. Wiutams, 
Jr., Ropert T. Haperman, and Econ Lorenz,?*? 
National Cancer Institute and National Institute of 
Arthritis and Metabolic Diseases,‘ Bethesda, Md. 


The tissue changes associated with the bacterial infection occurring in 
irradiated mice are of special interest since the element of purulent exuda- 
tion is lacking in the inflammatory lesions. The bacteriologic findings 
have indicated that infection is a major factor in causing death of mice 
after total-body irradiation over a wide dose range (1-3). Invasion from 
the intestinal tract is considered the portal of entry since the types of 
bacteria present in the blood and tissues are normally present in the 
intestine (1-3). 

The disease is probably independent of the type of ionizing radiation 
to which animals are exposed, since the bacterial infection occurs after 
exposure to X rays, gamma rays, or neutrons (2, 4). Injection of normal 
bone marrow into irradiated mice prevented the bacterial infection (4, 6). 
The present work was undertaken to determine the histopathology of the 
infection and to demonstrate morphologic lesions in the intestine from 
which bacteria gain entrance into the blood stream. 


Experimental Groups and Procedures 


Two groups of mice were used for histologic examination. The irradia- 
tion technique was the same for both.® 


Group 1.—Twenty-nine male and 28 female C3Hf mice, 5 to 5% months 
of age, were given 900 r total-body irradiation. All animals were irradi- 
ated on the same day. Five mice were killed and autopsied each day 
after irradiation, except days 5 and 7, through the 10th day. On days 
5 and 7, three animals were killed and autopsied each day; and, in addi- 
tion, eight mice found dead on the 5th day and three mice found dead 


1 Received for publication July 23, 1954. 

2 Deceased February 12, 1954. 

3 The authors are indebted to Bruce L. Weed, Beverly Jensen, Eliza Miller, and Henry Meyer for tech- 
nical assistance. 

The C3Hf mice used in these experiments were provided through the kindness of Dr. Walter E. Heston and 
Dr. Margaret D. Barrett. 

4 National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 

5 The conditions were two tubes opposite each other to obtain a uniform tissue dose; their foci were 54 cm. from 
the center of the mice. 0.25 mm. Cu + 1.06 mm. Al filtration of the X-ray beams operating at 186 KVP and 
20 Ma. was used, The dosage rate was 93 r (air) per minute. 
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on the 7th day were autopsied. Five normal female C3Hf mice were 
killed and autopsied during the course of this experiment. 

The tissues taken at autopsy included all major organs and tissues in 
the cranial, thoracic, and abdominal cavities. The neck organs were 
rarely examined. Tissues were fixed in Spuler’s formalin variant of 
Zenker’s solution and sections prepared from them were stained with 
hematoxylin and eosin. A duplicate set of sections was stained with a 
gram stain (7). 


Group 2.—The remaining histologic material came from about 700 autop- 
sies of mice from several inbred strains and two homogenous F;, hybrids 
[(C3Hf, A, C57BL, C57L, BALB/cAn, LAF,, (C57BL * DBA)F;,] that had 
been exposed to 800 r or 900 r total-body irradiation. Some of these 
mice served as irradiation controls; others had received injections of bone 
marrow or other tissues, after the lethal dose of total-body irradiation. 
Still others had received chemical agents thought to stimulate hema- 
topoiesis. Most of these experiments in which these mice were used have 
been reported elsewhere (5, 8, 9). One hundred nonirradiated mice were 
also killed and autopsied in the course of different experiments. These 
were examined for bacterial infections. 


TABLE 1.—Freguency of bacterial lesions as observed in 
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*x = One or more bacterial lesions observed in the routine hematoxylin and eosin, and Brown and Brenn, 
stain sections made of the tissues. 
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The autopsy material was reviewed from the standpoint of bacterial 
infection. Much of the material came from animals found dead in their 
cages; some were sacrificed when found dying and some represented serial 
sacrifice in bone-marrow-injected animals. The great majority of the tis- 
sues were fixed in Spuler’s formalin—variant of Zenker’s solution. Occa- 
sionally 10 percent formalin was used. Hematoxylin and eosin sections 
were made from the tissues. A few selected animals were used for gram- 
staining of tissues. 

Results 


Group 1.—No gross or histologic evidence of bacterial infection was 
observed in the five normal mice killed and autopsied. The gross findings 
directly associated with the bacterial lesions in the irradiated animals 
were limited to the observation of gray-white focal areas of necrosis in 
the livers of some animals. Mottled red areas of discoloration in the 
lungs were usually associated with the presence of bacterial infection in 
this organ. Hemorrhagic areas in spleen, brain, and testis were some- 
times associated with microscopic evidence of bacterial infection, but other 
times this was not the case. 

Table 1 shows the distribution of bacteria in tissues and organs as 
determined by study of histologic sections. 


histologic sections of serially autopsied, irradiated mice* 
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tNo bacteria observed on days 1 and 2. 
tFound dead. 
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Histologically, bacteria were not observed in the tissues of animals 
sacrificed before the 3rd postirradiation day. In these early animals, 
however, the destruction of hematopoietic tissu. - and intestinal epithelium 
at 24 and 48 hours after irradiation was already well advanced. The 
first evidence of bacteria in tissues in this series was observed in the 
intestinal epithelium on the 3rd and 4th days following irradiation. In 
two of the mice on the 3rd day, isolated bacteria were seen in the altered 
mucosal cells of the small intestine. Im one mouse, a small clump of 
bacteria was found beneath the mucosal surface in the tissue fluid. On 
the 4th day, one mouse showed many isolated cocci scattered through the 
mucosal epithelial cells (figs. 1 and 2). Two other mice showed mucosal 
lesions and one animal had a large necrotizing bacterial lesion (figs. 3 to 
8). On subsequent days, the occasional lesions observed in the small 
intestines were of two types. In several mice, an ulcer was observed at 
the site of a Peyer’s patch with large masses of bacteria in the ulcer base 
(fig. 9). In four other mice, there were bacterial masses in blood vessels 
of the intestinal mucosa. This latter type of bacterial lesion was essen- 
tially identical with that present in all other tissues in which bacteria were 
found. 

In the organs and tissues other than small] intestine listed in table 1, 
the earliest evidence of bacterial infection consisted of small bacterial 
masses in capillaries or sinusoids. Occlusion of the blood vessel occurred 
as the bacterial mass enlarged and the vessel wall underwent necrosis at 
one or more points. At the same time, either through direct invasion by 
bacteria or through diffusion of toxins, the adjacent tissues usually 
showed degenerative changes and necrosis of cells. Occasionally a bac- 
terial mass produced no apparent injury to the adjacent vessel wall or 
tissues. Exudation of leukocytes was never observed since these cells 
were nearly entirely absent from the blood stream. In the lung, a serous 
and hemorrhagic exudate appeared in the aveolar spaces. A fibrin net- 
work was sometimes observed throughout a bacterial lesion. The finding 
of bacterial colonies in this group and in Group 2 in areas of hemorrhage 
in the brain, testis, and in various submucosal tissues led to the suggestion 
that hemorrhage per rhexin occurred from bacterial necrosis of vessel 
walls. Direct proof of this, however, was never observed. 

The frequency with which different organs showed bacterial lesions 
(table 1) demonstrates that lungs and liver were more frequently involved 
than other organs and tissues. Spleen, kidney, bone marrow, lymph 
nodes, and small intestine often showed involvement. Invasion of other 
tissues was relatively rare in this experimental group. 

The character of the bacterial lesions at different days after irradiation 
was relatively constant, although some of the most extensive lesions were 
observed in animals sacrificed on days 8 through 10. The distribution of 
the lesions after day 4 remained relatively constant. In the lungs, the 
earliest lesions consisted of tiny collections of bacteria in alveolar capil- 
laries (fig. 10). Growth of bacteria produced either masses extending 
along the capillary lumen surrounding alveolar spaces or nodular masses 
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of bacteria overgrowing alveolar walls and spaces in all directions. 
Necrosis of tissue was usually present (fig. 11). The most extensive 
involvement of the lungs consisted of a patchy growth of bacteria in 
capillaries throughout an entire lobe of the lung (fig. 12). In these cases, 
the alveolar spaces were filled with serous and hemorrhagic exudate. 
Reparative processes were not observed. 

In the liver, the smallest bacterial foci were observed in the sinusoids. 
Enlargement of the lesion occurred either as a nodular mass of bacteria 
which destroyed and overgrew a small area of the liver or as growth of 
bacteria along sinusoids and into central veins, producing a lesion in which 
bacterial masses outlined the vascular channels of the area. Simple 
necrosis of liver-cord cells in the involved areas was always present 
(fig. 13). 

The bone marrow, lymph nodes and spleen collectively formed a large 
percentage of the sites of bacterial growth and bacterial necrosis. 

In the bone marrow, the smallest areas of bacterial growth and necrosis 
originated from sinusoids. Diffuse areas of bacterial growth and necrosis 
developed from these. In some cases, the bacterial growth tended to 
follow the pattern of the sinusoids. The structure of the trabecular bone 
was not altered by the bacterial infection. 

The earliest lesions associated with bacteria in the spleen were in the 
sinusoids of the red pulp. More extensive lesions showed diffuse areas of 
necrosis containing colonies and isolated bacteria (fig. 14). Intense con- 
gestion of and hemorrhage into the spleen of an irradiated animal usually 
was associated with the presence of bacterial necrosis. 

The lymph nodes examined were usually peripheral ones, including 
those from the inguinal, axillary, and cervical regions. Visceral lymph 
nodes such as mediastinal, pancreatic, and mesenteric were not regularly 
examined in this particular series. The earliest lesions observed were in 
the peripheral sinus of a lymph node or in small vessels. The former 
locus was most common. More advanced lesions showed patchy areas of 
necrosis resulting from the bacterial growth and spread; and occasionally 
the entire node was the site of bacterial necrosis. 

The visceral lymph nodes examined, including the mesenteric, in this 
particular group showed a few bacterial lesions. 

In the kidneys, bacterial lesions were usually confined to the cortex 
and showed localization in glomerular capillaries as well as in those 
between the convoluted tubules. Growth of bacteria along the capillary 
occurred, as well as destruction of the capillary wall and adjacent tissue. 
In one case, bacterial masses plugged small arteries within the kidney, 
and in another, a bacterial colony was lodged against the wall of the vein. 

The pattern of the bacterial lesions described for the above tissues 
applies to the remainder of the organs and tissues listed in table 1, with 
the notable rare exception of bacterial colonies in an area of hemorrhage 
in the brains of two animals. 

Only once were bacterial colonies found in large vessels in this series 
of autopsies. These were observed in the pulmonary arteries and arteries 


Vol. 15, No. 4, February 1955 











860 CONGDON, WILLIAMS, HABERMAN, AND LORENZ 


of the kidney in an animal killed and autopsied on the sixth day after 
irradiation. 

The gram-staining reactions of the bacteria in the tissues showed some 
lesions to be entirely gram-positive and some entirely gram-negative. 
Not infrequently, the staining reactions were inadequate to show the 
true gram character of the bacteria. In any given animal, lesions in 
different organs showed the same gram reaction. 

In the tissues, the bacteria observed consisted of cocci or short rods. 
Specific lesions usually appeared to contain bacteria of only one mor- 
phologic type. 

A few of the animals listed in table 1 showed no histologic evidence of 
bacterial infection. 

Group 2.—In addition to the series of approximately 700 autopsies of 
irradiated mice, there were 100 animals not irradiated. None of these 
showed histologic evidence of bacterial infection. In the irradiated mice 
that died of the irradiation syndrome, bacterial infection was a very 
common histologic finding. The bacterial infection showed essentially 
the same features in the different inbred strains and hybrid mice examined. 
A finding in the LAF, hybrid, which was unusual in other types, was 
the extreme edema of the face, head, and neck that these particular mice 
commonly developed prior to death. Histologically, these swollen sub- 
cutaneous areas were made up of edema fluid and usually showed bacterial 
colonies in the fluid and tissues. In the neck region, the salivary glands 
and lymph nodes were usually also involved in the inflammatory edema. 

In one group of 15 LAF, mice that had received 900 r and no other 
treatment, sections were made near the time of death from the mesenteric 
lymph node to determine if this structure always showed bacterial lesions. 
Approximately half of the mice showed the presence of a bacterial lesion. 

Extensive destructive lesions of the intestinal wall were observed in 
only two mice. Diffuse bacterial growth was present in both of these 
lesions. The intestinal ulcer usually at the site of a Peyer’s patch seen 
in several animals in Group 1 was occasionally seen in this larger series 
of mice in Group 2. A few animals in this series (Group 2) showed mas- 
sive pleural or epicardial growth of bacteria. Some of the most extensive 
bacterial masses observed occurred in irradiated animals that had re- 
ceived injection of foreign materials. 

Post-mortem changes frequently had to be differentiated from ante- 
mortem bacterial growth. This was usually possible when necrosis or 
slight hemorrhage was observed in the same lesion. 

The relationship of hemorrhage to bacterial infection was considered in 
this material. Large hemorrhages into testis, submucosa of the urinary 
bladder, cerebral meninges, sites of trauma and sometimes lungs are 
occasionally seen in mice dying of the irradiation syndrome. Bacteria 
and bacterial colonies are sometimes seen in the area of hemorrhage. It 
is not clear whether the bacteria lodging in a small blood vessel causes its 
rupture and the subsequent hemorrhage or whether the hemorrhagic 
tissue provides a site for bacterial growth. 
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In Group 2 thirteen animals showed bacteria in phagocytes of the 
spleen, bone marrow, and sometimes lymph nodes and liver. The bacteria 
were identified by their morphology and gram-staining reaction. All of 
these animals died of the irradiation syndrome with extensive bacterial 


infection of the type commonly seen with lesions originating in blood 
vessels. 


Discussion 


The lesions observed histologically in the intestinal epithelium include 
the presence of bacteria in injured epithelial cells and necrotizing bacterial 
ulcers. The presence of bacteria in the epithelial cells was observed 
earlier by Chrom (1) and Mottram (10). The intestinal ulcers have been 
observed previously by Lawrence and Tennant (2). 

Since all evidence points to the intestine as the portal of entry, these 
lesions observed in the intestine are presumably one mechanism by which 
the entrance of bacteria actually takes place. There is some difficulty, 
however, in explaining the findings at different exposure levels with regard 
to the onset of bacteremia. At 900 r lesions in the intestinal epithelium 
(table 1) capable of causing the bacteremia were found from the third 
postirradiation day on. They ranged from tiny microscopic necrotic 
areas to large bacterial ulcers. In the recent work by Hammond é¢ al. 
(11), where a dose of 550 r was used, the bacteremia showed an onset at 
approximately the 7th postirradiation day. Presumably in their mice the 
lesions in the intestinal mucosa were present in some form for several 
days before the bacteremia, if the findings reported in this paper apply 
to their work. This assumes that the intestinal bacterial lesions reported 
here are a consequence of focal, incomplete regeneration of the mucosa 
following the irradiation damage. 

In another paper Hammond ef al. (12) studied the recovery of Pseu- 
domonas organisms at autopsy when the mice, given 550 r, were inoculated 
intragastrically with a Pseudomonas culture at different time intervals 
postirradiation. They found the least recovery of Pseudomonas at autopsy, 
when the organisms were administered immediately after the X-ray 
exposure, and the greatest recovery when administered 5 and 11 
days after the irradiation exposure. Since the intestinal damage is 
generally considered healed by these later time intervals, the authors 
felt that the data suggested penetration of an intact mucosa by the 
administered bacteria. 

It seems entirely possible that the administered Pseudomonas organisms 
may cause intestinal lesions, even though they do not kill nonirradiated 
mice. This does not explain their findings at the earliest time interval, 
however. Of further interest in this regard is the work of Schweinburg, 
et al. (13), who demonstrated in dogs that living or dead Escherichia 
coli tagged with radioactive iodine could pass directly through the intesti- 
nal wall into the peritoneal cavity when the peritoneum was irritated by 
a lavage procedure. 

Since all the data dealing with the mode of entry of bacteria into the 
irradiated animal are not explained by the specific lesions demonstrated 
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here, it is necessary to reserve complete judgment on the matter and con- 
sider that passage of bacteria through intact epithelium, as well as specific 
lesions, may be involved in the pathogenesis of the bacteremia. 

The inflammatory edema of the head and neck in irradiated LAF, 
mice observed in the current work suggests the mouth as another portal 
of entry for this particular bacterial lesion. 

The pathogenesis of the bacterial infection probably depends upon the 
multiplication of the bacteria gaining direct entrance into the blood 
stream or indirectly through the lymphatic apparatus of the gut. The 
inability of the blood stream to clear the organisms results in their settling 
out in capillaries, sinusoids, and lymph spaces throughout the body. 
Rarely, the irradiated mice show ability to phagocytose bacteria as 
was observed in a few animals of Group 2. The growth of bacteria in 
small vascular channels and the spread of the bacteria along the channel 
or through the wall into adjacent tissues constitute the basic lesion of 
this disease. The absence of an exudative reaction and pus formation 
is the only feature that separates this process from the classic picture of 
a fulminating septicopyemia. The general histologic features of the 
bacterial infection and the experimental work by others with artificial 
infection of sublethally irradiated animals indicates that once the bac- 
teremia is present, the disease progresses extremely rapidly and death 
results in a short period of time (/1). Reparative phenomena are lacking 
in these inflammatory foci, except for the rare occurrence of bacterial 
phagocytosis. 

In swine and in man exposed to total-body irradiation, the bacterial 
infections observed do not differ significantly from those seen in mice 


(14, 16). 


Conclusions 


The lesions observed in the intestine probably represent one portal of 
entry for the bacterial infection at this exposure level. 

The pathogenesis of the disease depends on the existence of a bac- 
teremia that rapidly progresses to a fulminating septicopyemia in which 
purulent exudation is lacking. 
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PLATE 51 


FicurE 1.—Scattered bacteria, throughout injured epithelium of the small intestine. 
Animal killed and autopsied 4 days after 900 r. Brownand Brenn. Oil immersion. 
xX 1,940 


Ficure 2.—Bacterial mass lying against two or three necrotic epithelial cells of the 
intestine. The stippled material slightly out of focus, in the cytoplasm of the cell 
containing the large mucous vacuole is bacteria. The tissue to the left of the epi- 
thelial surface was an atrophied lymph nodule. Presumably this area would have 
become a microscopic ulcer. Same animal as figure 1. Hematoxylin and eosin. 
X 950 
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PLATE 52 
Figure 3.—Clumps of bacteria in tissue fluid beneath damaged epithelium of the 
small intestine. The nuclei of the stromal cells are pyknotic. Animal killed and 
autopsied 4 days after 900 r. Hematoxylin and eosin. 740 


Figure 4.—Same animal as figure 3. Low-power view of small intestine showing 
three separate areas of bacterial invasion. Higher magnifications of these areas 
are shown in figures 5, 6 and 7. Hematoxylin and eosin. 165 
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PLATE 53 


Figure 5.—Bacterial mass lying against necrotic stroma of small intestine. Same 


animal as figure 3. Hematoxylin and eosin. 520 i 
j 
' 
Figure 6.—Epithelial fissure filled with small bacterial masses. Note necrosis of | 
adjacent stroma. Same animal as figure 3. Hematoxylin and eosin. 740 
’ 
Figure 7.—Bacteria invading the wall of a necrotie vessel in the stroma of the small 
intestine. Same animal as figure 3. Hematoxylin and eosin. > 740 
) 
, 
' 
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PLATE 54 
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Figure 8.—Diffuse bacteria! necrosis of the entire wall of the small intestine at the 
site of a Peyer’s patch. Animal killed and autopsied 4 days after 900 r. Hema- 


toxvlin and eosin. 165 


Ficgtre 9.—Brown and Brenn stain showing large 
positive organisms at the site of a Peyer's patch, 
days after 900 r. 165 


bacterial ulcer caused by gram- 
Animal killed and autopsied 8 
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PLATE 55 


Figure 10.—Farly lesion showing gram-positive bacteria in lung capillaries. Animal 


killed and autopsied 10 days after 900 r.. Brown and Brenn. 700 
higtre 11.—Advaneed lesion showing growth of bacteria along vascular channels in 
the lung. Animal killed and autopsied 9 days after 900 r.. Brown and Brenn. 
515 
FicgureE 12.--Same animal as figure 11. Low-power view to show widespread bac- 


terial growth in capillaries of the lung. Note the serous exudate in the aleveolar 
spaces. Hematoxylin and eosin. 165 
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PLATE 56 


Figure 13.—-Large area of bacterial necrosis in the liver. 


autopsied 10 days after 900 r. Hematoxylin and eosin. 


Figtre 14.—Extensive bacterial necrosis in the spleen. 
autopsied 4+ days after 900 r. Hematoxylin and eosin. 
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Regenerative Growth in the Urodele 
Forelimb Following Ultraviolet Radia- 
tion »? 


Eimer G. Butter and Haron F. Buium,’ Depart- 
ment of Biology, Princeton University, Princeton, 
N. J., and National Cancer Institute, Bethesda, 
Md. 


Effects of ultraviolet radiation on living systems have been studied 
for over a century, with emphasis in recent years on effects on isolated 
cell systems. Among effects on organized tissues, in situ, is the induction 
of cancers in rodent skin, introducing problems of growth not apparent 
in individual cells. The urodele amphibian, which possesses marked 
capacity for regenerative growth has been the subject of extensive research, 
but studies of the effects of ultraviolet radiation on such animals have 
been few. In regeneration and the development of accessory limbs in 
the salamander, Amblystoma (which is the subject of this paper) the 
problems seem to be quite different from those concerned in isolated cell 
systems, and to approach closer to those of neoplastic growth. 

A brief account of the regenerative process may help to orient the 
reader with regard to the mechanisms concerned. When a limb is 
amputated, epidermal healing takes place rapidly, and after this an ag- 
gregation of cells, the regeneration blastema, is established in the wound 
area. From the cells which make up the blastema develop the new 
structures of the regenerate, with the exception of the nerves which 
grow in from the cut stumps at the amputation level. Many of the 
factors that underlie the mobilization of cells to establish a regeneration 
blastema and govern its development are still obscure. It is clear, 
however, that cells do not migrate from a distance (/) and that the blas- 
tema results from local transformations of cells at the amputation level. 
Amputation is commonly regarded as the essential stimulus for establish- 
ment of the blastema, although under certain experimental conditions 
a regeneration blastema may arise long afterward and at a level far 
proximal to the original level of amputation. Such a situation prevails, 
for example, in a denervated limb which has undergone extensive regres- 
sion (2, 3), in which case the immediate stimulus for the formation of 

1 Received for publication July 19, 1954. 
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the blastema is reinnervation of the limb, particularly the reappearance 
of nerve fibers at the distal tip. 

Under certain experimental conditions two or more complete limbs 
may form instead of a single one. Of particular interest with regard to 
the formation of such accessory limbs is the work of Guyénot and his 
associates (4, 5), who found that experimental deviation of nerves in 
the adult urodele limb results in the development of a new limb as an 
outgrowth from the normal one. Depending on experimental conditions, 
accessory structures vary from duplication of digits and other portions of 
the hand, to the establishment of a supernumerary arm near the shoulder. 
Accessory limbs may be formed as a result of other procedures, Nassonov 
(6) having obtained them in the axolotl by simply tying a ligature around 
the limb. Brunst (7), by localized X radiation of the lumbosacral region 
of the axolotl produced complete supernumerary hind limbs articulating 
with the pelvis. More recently, Breedis (8) found a high incidence of 
accessory limbs in adult Triturus at the site of injection of carcinogenic 
substances. In this laboratory Rieck (9), whose paper may be consulted 
for references to earlier literature, has found accessory hands and digits 
after subjecting the limb bud of Amblystoma larvae to ultraviolet radiation. 

The present studies concern specifically the formation of blastemata 
and accessory limb structures in the salamander after localized irradiation 
with ultraviolet of areas of the larval limb, and of regression and photo- 
recovery after such radiation. A detailed description of the anatomical 
characteristics of the accessory limb structures will not be undertaken 
here, but will be the subject of a later communication elsewhere. 


Materials and Methods 


Larvae of Amblystoma opacum and Amblystoma punctatum were used 
in these studies. Eggs and young larvae were obtained from North 
Carolina or from the Princeton area and reared in the laboratory. In 
each experiment the larvae were staged with respect to age, using 
Harrison’s stages for the younger larvae (see 10) and total length as an 
index of age of older animals. 

Ultraviolet radiation was applied in the following manner: A larva 
was anesthetized with a 1:5,000 solution of MS 222 and then transferred 
to a 1:15,000 solution for the period of exposure. Each animal was 
placed on its back, either on absorbent cotton or black nylon fiber, in a 
petri dish with just enough anesthetic solution to cover it. The right 
forelimb was extended as far as possible and oriented so that it was 
approximately at right angles to the body wall, the flexor surface of the 
forearm uppermost. Using thin pieces of aluminum foil as shielding 
material, the entire animal was covered except for a small area of the 
right limb. The extent and location of the unshielded area that received 
the radiation will be given in connection with the experiments discussed 
later. The left limb, completely shielded from the ultraviolet radiation, 
served as a control. Unless the whole surface of the petri dish is shielded, 
enough ultraviolet radiation may be scattered by reflection from the 
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cotton fibers to injure or kill a larva. This was a source of error in some 
of our earlier experiments. Later, black nylon fiber was used in place 
of cotton, in order to reduce reflection of ultraviolet radiation passing 
through the aperture of the shield but not impinging directly upon the 
limb. 

Preparation of the animal for irradiation was carried out under a dis- 
secting microscope equipped with a movable stage so designed that it 
could be moved under the source of radiation with a minimum of dis- 
turbance (9). Measured doses of polychromatic mercury-arc radiation 
were obtained by a method which was essentially that of Blum, Kirby- 
Smith, and Grady (11, and see 9). The dosage employed in all experi- 
ments was 1.9 X 10% ergs per square centimeter of radiant energy of wave- 
lengths 0.31 uw and shorter, at an intensity of 1.55 X 10° ergs per square 
centimeter per second; (longer wavelengths are present but ineffective in 
producing these results). This is a high dosage compared with the indi- 
vidual repeated doses necessary to produce cutaneous cancer in mice (12) 
or single doses required to kill microorganisms. 

Each larva received a single dose of ultraviolet radiation. Afterward 
the larva was kept in an incubator at 20° + 0.5° C. In most cases the 
interior of the incubator was dark, but in experiments concerned with 
photorecovery the interior was illuminated with banks of “fluorescent’’ 
lamps (Daylite type). In some of the later experiments the animals 
were kept in the light for a few days only, then transferred to the dark, 
since photorecovery reaches its full extent in a relatively short time; the 
experiments of Blum and Matthews (13) indicate that photorecovery is 
virtually complete in Amblystoma in 48 hours, but not in 24. The animals 
were removed from the incubators for short periods for observation and 
three times a week for feeding. The diet was Daphnia, Artemia, small 
Tubifex and enchytrae. 

At the termination of each experiment the animals were fixed in Bouin’s 
fluid or in formol-alcohol fixative. The latter was used where it was 
desired to stain in toto with methylene blue, in preparing total transparent 
mounts for study of the skeletal elements of a regenerate limb. 


Results 


Irradiation of the Complete Elbow Region 


The elbow region of 150 A. opacum larvae, 20 to 26 mm. in total length, 
was exposed to ultraviolet radiation. As indicated in text-figure 1, the 
shield was so placed that in all cases the elbow joint was completely ex- 
posed, including a portion of the distal region of the upper arm and 
proximal region of the forearm. The amount of the upper arm and fore- 
arm which was exposed varied with the length of the arm. Approximately 
half of the animals at the time of irradiation (total length, 20 to 22 mm.) 
possessed limbs in which the hand was either in the three-digit stage of 
development, or in which the fourth digit was just appearing; the other 
half of the animals (total length, 23 to 26 mm.) possessed limbs in which 
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the hand had reached the definitive four-digit condition. All animals in 
this experiment were kept in the dark after irradiation, except for brief 
periods of observation. Of the total of 150 larvae irradiated, 110 devel- 
oped accessory growths of the forelimb; these 110 also clearly exhibited 
a certain amount of limb regression, particularly of the forearm; 16 
developed no accessory growths but showed regression; 4 appeared to be 
unaffected by the radiation; 20 animals died so soon after irradiation that 
no alterations of the limb could be observed. 





eeeeee 


TextT-FIGURE 1.—Irradiation of the complete elbow region of right forelimb. Animal 
lies on its back. Stippled area represents region exposed to radiation; remainder of 
animal was shielded. 


Initial visible effects of the radiation include a roughening and loosening 
of the skin in the unshielded irradiated area, with the result that it is 
thrown into ridges and sloughed off within the first 24 hours. This is 
shown in figure 1. At about the same time, stasis becomes evident in the 
blood vessels of the general distal area, especially pronounced in the digits, 
although these were not exposed to the radiation. Although there is 
much individual variation with respect to the time when the cutaneous 
and vascular changes first appear, they are ordinarily evident within 2 to 
4 days after irradiation. The loosened skin is gradually replaced by new 
skin, usually within the first two weeks, sometimes sooner. 

Stasis in the blood vessels of the digits and the general forearm region 
gradually subsides during the first two weeks. During the second week 
additional alterations consisting of partial fusion of digits and digital 
regression frequently appear. Whether these changes are causally related 
to the previous condition of stasis has not been determined. Extensive 
regression of the digits does not always occur, but is frequently evident, 
and results in the hand becoming club-shaped, with only the proximal 
stubs of the digits remaining. This condition is transient and scarcely 
have the digits regressed to their bases when they begin to regenerate and 
are rapidly reconstituted. By the end of the third week, postirradiation, 
the hand has returned to a normal appearance. 

During the third week an important regressive change becomes evident 
in the forearm proximal to the carpus. The regression gradually becomes 
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very extensive and it seems doubtful that it is associated with the transient 
digital regression just described. Grossly, this second regressive activity 
involves a gradual but persistent shortening of both the humerus and the 
radio-ulnar region. In one experiment with A. punctatum, measurements 
on 32 surviving animals out of 163 kept in the dark, showed 32 percent 
reduction in length of the forearm and 26 percent in length of the humerus, 
as compared with the contralateral unexposed arm (table 1). The wrist, 
so to speak, “retreats” toward the elbow. Although we are dealing with 
growing larvae, in which the limb normally should be increasing in length, 
it is not to be concluded that the shortening of the forearm is simply a 
result of arrested growth in this region. .Rather, as measurements show, 
it is the result of active regression. ‘Two essentially antagonistic processes 
are at work: normal growth in length is taking place in the unirradiated 
proximal and distal ends of the limb; regression and consequent shortening 
are occurring in the radio-ulnar region, and to a lesser extent in the 
irradiated region of the upper arm just proximal to the elbow joint. As 
a result of these activities, although the proximal region of the limb and 
the general region of the hand appear normal at the end of 3 or 4 weeks, the 
forearm is markedly reduced in length and is often misshapen and bent. 

During the fourth and fifth weeks a new type of activity begins in the 
irradiated region. It is during this period that a protrusion may appear 
near the elbow or along the posterior border of the forearm. In its man- 
ner of development and in the potentialities which it later manifests, 
this protrusion resembles a regeneration blastema in every way, and it will 
be so referred to from now on. 

The precise point on the limb at which the blastema first appears varies 
among individuals. On some limbs it is nearer the elbow, on others 
nearer the wrist. As a result of regression of the forearm, the wrist and 
the elbow are much closer than normal, making it difficult to state 
whether a blastema appears near the elbow or near the wrist. 

Once a blastema is established it grows rapidly in size and soon begins 
to exhibit morphogenetic capacities. Differentiation takes place within 
the blastema and one or more digits appear. Figures 2 to 4 show a group 
of representative cases of these accessory growths. No attempt will be 
made at this time to discuss in detail the morphogenetic pattern which the 
accessory growths assume. The photographs of the various limbs were 
taken at the termination of observation of each case concerned. At this 
time there was no evidence that the accessory structure would undergo 
any further morphological change—the blastema had apparently exhausted 
its complement of potentialities. Some of these superregenerates have 
been studied in sections, and also as transparent mounts stained with 
methylene blue so that the skeletal elements are clearly shown. Examina- 
tion of the limb shown in figure 4, for example, reveals that within the 
superregenerate there are extensions of the radius and ulna, a set of carpals, 
and a skeletal mass which can be regarded as fused metacarpals. Each 
digit possesses three distinct phalangeal elements. 

Classification of the various types of regenerates on the basis of the num- 
ber of digits or other morphological characteristics is arbitrary and of little 
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significance. However, considering the 110 cases that developed acces- 
sory growths as referred to above, we have assigned the following percent- 
ages: single spikelike outgrowth, 51 percent; 2 digits, 33 percent; 3 digits, 
12 percent; others, 4 percent. 


Irradiation of Areas of the Limb Other Than the Complete Elbow Joint 


Primarily because previous investigations had shown that regenerative 
activity is normally preceded by pronounced cellular alterations in formed 
structures of the limb, and that in the case of induction of regeneration 
without amputation these changes were more likely to occur at the ter- 
minal ends of limb segments, it seemed desirable to begin our experiments 





TextT-FIGURE 2.—A) Irradiation of area immediately proximal to elbow joint. JB) Ir- 
radiation of area immediately distal to elbow joint. In each case the sector 
within the broken lines represents the region exposed to radiation; remainder of the 
animal was shielded. 


with localized irradiation of the elbow. As has been noted, the accessory 
growths that took place occurred either at the elbow, or after regression 
of the forearm, at the wrist. The question arises as to whether exposure 
of a small area to radiation either immediately proximal or distal to the 
elbow joint will result in regenerative growth. Also, will growth result 
from localized irradiation of the shoulder region? 

Irradiation immediately distal or proximal to the elbow joint.—Since the 
results of irradiation either immediately above or below the elbow were 
essentially the same, they will be dealt with together. Shielding was car- 
ried out as shown in text-figure 2, A and B. The dosage was the same as 
in the previous experiment and all animals were kept in the dark after 
irradiation. A total of 115 animals was irradiated: 55 above the elbow; 
60 below the elbow. In none of these did any accessory growths occur, 
although they were observed for a period of over 10 weeks. No indication 
of formation of a blastema was observed. 

Regression was clearly evident in the irradiated and in adjacent areas. 
In animals irradiated above the elbow, regression was limited largely to the 
distal end of the upper arm. Measurements on the 29 surviving animals 
showed 21 percent reduction in length of the upper arm, with only 2 per- 
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cent reduction in length of the forearm. In some cases the regression was 
extreme, making the elbow and shoulder joints so close to one another at 
the end of the experiment that the limb appeared to consist primarily of a 
forearm. Correspondingly, after application of radiation below the elbow 
joint, pronounced regression of the forearm occurred. Measurements on 
34 surviving animals showed 15 percent shortening of the forearm with 
2.5 percent shortening of the upper arm. 

It is clear from these results that regression without regenerative activ- 
ity may result from the effects of ultraviolet radiation, but we are not pre- 
pared at this time to offer an explanation of the contrasting results of total 
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TextT-FIGURE 3.—Irradiation of shoulder area. Aperture in shield was l-mm. square. 
A) Larvae, total length 20 to 23 mm. 8B) Larvae, total length 24 to 26mm. In 
each case the stippled area represents the region exposed to radiation; remainder of 
the animal was shielded. 


and partial irradiation of the elbow. Dosage and extent of damage may 
be important factors. 

Irradiation of the shoulder area.—A. opacum larvae, total length 20 mm. 
to 26 mm., were used and shielded as shown in text-figure 3, Aand B. As 
the figure shows, in the smaller animals with shorter limbs the irradiated 
area included, in addition to the shoulder joint, about the proximal half of 
the humerus. By the time the animals had reached 24-mm. total length, 
the forelimb had grown to the extent that the irradiated area included not 
more than the proximal one quarter of the humerus. As in previous 
experiments, the animals were kept in the dark after irradiation. 

Of 170 larval limbs irradiated, accessory growths appeared in only two 
cases. These are shown in figures 5 and 6. Each of these growths was on 
one of the younger larvae of the group; one (NS-117, fig. 5) was 21-mm. 
total length; the other (NS-76, fig. 6) was 22-mm. total length when irradi- 
ated. The other 168 animals, although observed for varying periods up 
to 82 days, showed no signs of the establishment of blastemata or regen- 
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erates. In accordance with the results of previous experiments, however, 
regression of the proximal end of the upper arm was clearly evident. 

It is interesting that in the two cases in which regenerative growth 
occurred, the structures formed were morphologically more extensive 
than in the case of elbow or wrist regenerates. Each of the superregen- 
erates shown in figures 5 and 6 possesses an upper arm, forearm, wrist, 
and digits. After irradiation of the elbow, regenerates consisting of 
forearm, wrist, and digits develop; and only digital structures develop 
from the carpal region. These observations resemble those of Guyénot 


and his associates (4, 5) in experiments on inducing regeneration by 
deviation of nerves. 


Photorecovery 


The phenomenon of photorecovery, or photoreactivation, consists of 
the repair of certain types of damage caused by the action of ultraviolet 
radiation on living systems, by subsequent exposure to light of wave- 
lengths in the approximate range 0.3 to 0.5 u, which will be referred to 
somewhat inaccurately in this paper as “‘visible” light. Since its descrip- 
tion by Kelner and by Dulbecco in 1949, photorecovery has been described 
in a variety of plants and animals including the larvae of Amblystoma (18). 

In the present studies illumination with “visible” light following expo- 
sure to ultraviolet radiation of the elbow region results in a marked 
decrease in the extent of regression. This is shown in table 1 which pre- 
sents results from one experiment in which 326 larvae of A. punctatum 
were exposed in pairs to ultraviolet radiation. After exposure, one animal 
from each pair was placed in the dark, the other in the light. The elbow 
region of one arm was exposed to the radiation as indicated in figure 1, 
the other arm served as a control. In only 32 cases did both members 
of the pair survive. Among these, as shown in the table, both the upper 
arm and forearm of the exposed limb was short as compared with the 
shielded control limb—the shortening being much greater in the animals 
kept in the dark than in those kept in the light. The high mortality in 
this experiment resulted from scattered radiation because of improper 
shielding. The “unexposed” limb probably received a small amount of 
radiation, but the results are, nevertheless, valid comparatively. Sur- 
vival among the animals kept in the light (67 percent) was much greater 
than among those kept in the dark (29 percent). These results parallel 
previous observations (/3) that larvae subjected to whole-body radiation, 
consisting of repeated doses much smaller than those used in these studies, 
survived better in the light than in the dark. Animals that had not been 
subjected to ultraviolet radiation survived equally as well in the dark as 
in the light. 

In the experiment just described it was not possible, because of the 
high mortality, to establish whether the incidence of accessory limbs is 
affected by illumination subsequent to exposure to ultraviolet radiation, 
but in a current experiment not yet completed, it is clear that the devel- 
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opment of accessory structures is much reduced by placing the animals 
in light for a few days after the exposure. Thus, photorecovery reduces 
regression and formation of accessory structures in a parallel manner. 


TABLE 1.—Regression of limbs of larvae of A. punctatum after exposure of the elbow 
region to ultraviolet radiation. (For details regarding number of animals used see text) 



































Average | Shorten- | Average | Shorten- 
length of | ing upper | length of | ing fore- 
upper arm arm forearm arm 

(mm.) (percent) (mm.) (percent) 

control arm........... 2. 20 | Te ee i a Sena 
LIGHT 

exposed @FM.......... 2. 11 4.0 2. 39 4.0 

control arm........... 2. 08 | al ean ee eee 
DARK 

exposed arm.......... 1. 57 | 32. 0 1. 92 26. 0 

Discussion 


Ultraviolet radiation has a number of effects on living cells, involving 
more than one type of light-absorbing molecule. Some of these effects 
are subject to photorecovery, others are not (14). In the present experi- 
ments it is to be supposed that there have been various effects on the 
cells of the area exposed to ultraviolet radiation, particularly in view of 
the high doses used. It seems likely that some cells were killed by direct 
cytolysis. Some of Rieck’s histological observations (9) on the limb buds 
of Amblystoma suggest direct lysis, and it seems likely that this factor 
is concerned to some extent in the regression we have observed. The 
high degree of photorecovery we have found indicates that lysis is a 
relatively small factor in the total regression, since direct lysis as observed 
in other types of cells is not subject to photorecovery (14). The killing 
of bacteria and fungi with relatively low doses of ultraviolet radiation 
is to a high degree reversible by visible light. It seems probable that 
some such photorecoverable lethal effect is concerned in regression of the 
urodele limb ‘that has been subjected to ultraviolet radiation. Perhaps 
this is the major factor. 

The most obvious immediate effect of ultraviolet radiation on a variety 
of cells is the slowing of cell division. This effect is subject to photo- 
recovery, in the sense that the rate of cell division is more rapidly returned 
to normal by exposure to visible light. Regression involves active 
destruction of cells; regeneration, active proliferation of cells. Hence, 
the rate and extent of regression might be thought of for analytical 
purposes as an algebraic summation of these two opposing activities. 
Thus, the effect of visible light in inhibiting regression might be explained 
in part by an increase in proliferation relative to destruction of cells. 
But the return to normal rate of cell division by photorecovery is a 
relatively transitory process that could hardly account for all the differ- 
ences in regression in light and dark that are indicated in table 1. 
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In the establishment of blastemata and the growth of accessory limbs, 
there is obviously a temporary increase in the rate of cell division beyond 
the rate normally prevailing in the limb just before it was subjected to the 
radiation. The evidence from studies on isolated cell systems, including 
dividing eggs, points to the conclusion that ultraviolet radiation does not 
stimulate cell division beyond normal rates in such systems. It seems 
probable that the increase in the rate of cell division found in the case 
of the regenerating urodele limb, in the hyperplasia of epidermis after 
sunburn, and in experimentally induced cancer of the skin, results from 
indirect action of the ultraviolet radiation on the tissue rather than 
directly on the individual cells. 

Whatever the basic effects of ultraviolet radiation on the urodele 
limb, it is clear that the subsequent regression and regeneration depend 
upon morphogenetic capacities characteristic of the species. To what 
extent the action of ultraviolet radiation on the cells may modify the 
subsequent changes remains to be determined. It is possible that the 
radiation only accomplishes, in essence, the same result as amputation 
of a limb, which in the urodele is followed by transitory regression and 
later regeneration. Is there a definitive relationship between these two 
processes in that regression is an essential precursor of regeneration? 
In the present studies, irradiation of the whole elbow region has been 
followed by regression and regeneration, whereas irradiation of a part 
of the elbow region has been followed by regression only. Whether this 
is dependent upon the area, the extent of structural alteration involved, 
or other factors, we are not able to answer at present. It seems evident 
that ultraviolet radiation, combined with photorecovery, provides a 
method for the study of numerous problems of developmental growth. 


Summary 


Localized ultraviolet irradiation of regions of the forelimb of larval 
Amblystoma may result in two major changes: regression of the limb; and 
the induction of an accessory limb structure at the point irradiated. 
The incidence and morphological characteristics of accessory structures 
vary according to the site of exposure. The extent of regression and the 
incidence of accessory structures are subject to photorecovery, both being 
markedly reduced by illumination with ‘visible’ light for a few days 
after exposure to ultraviolet radiation. 
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Puiate 57 


Ficure 1.—Amblystoma larva (X-2), 24-mm. total length, irradiation of complete 
elbow of right forelimb (see text-fig. 1). Ventral aspect photographed one-half 
hour after irradiation. Note loosened skin, which clearly shows extent of area 
irradiated. 


Figure 2.—Amblystoma opacum larva (OD-132), right forelimb, dorsal aspect. A 
single digit-like accessory growth at elbow. Photographed 98 days postirradiation. 


Figure 3.—Amblystoma opacum larva (OD-88), right forelimb, dorsal aspect. Two 
accessory digits at the wrist (normal four digits above; accessory digits below). 
Photographed 107 days postirradiation. 


Ficure 4.—Amblystoma opacum larva (OD-137), right forelimb, dorsal aspect. An 
accessory hand with three digits at the elbow (normal four-digit hand above; 
accessory three-digit hand below). Photographed 107 days postirradiation. 


Figure 5.—Amblystoma opacum larva (NS-117), right forelimb, dorsal aspect. An 
accessory limb attached to normal forelimb distal to head of humerus possesses two 


digits (accessory limb above; normal forelimb below). Photographed 81 days post- 
irradiation. 


FicurE 6.—Amblystoma opacum larva (NS-76), right forelimb, dorsal aspect. An 
accessory limb attached to normal forelimb distal to head of humerus possesses 


three digits (accessory limb above; normal forelimb below). Photographed 75 days 
postirradiation. 
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of Medicine, San Francisco, Calif. 


In the case of those organs commonly exposed to X rays during radi- 
ation therapy, it is generally held that a given dose of radiation produces 
less immediate damage when fractionated than when undivided. Early 
experimenters, however, concluded that fractionation might increase the 
injury sustained by the male germinal epithelium (1-3). Since such a 
difference in response to fractionation suggests a difference in the mecha- 
nism whereby damage is produced in the tissues, it was of interest to 
reinvestigate the effect of fractionation upon testicular injury. 

Changes in testicular weight provided the basis for a simple quanti- 
tative method of measuring radiation injury. Dramatic changes in 
testicular weight had been noted by the earliest observers (4, 5), and were 
plotted as a function of time for single organs by von Wattenwyl and 
Joél (6). But it was in Lorenz’ laboratory at the National Cancer Insti- 
tute that testicular weight was first used extensively by Lorenz and 
Eschenbrenner as a quantitative measure of radiologic damage (7, 8). 

Present use of the method rests upon three major premises, experi- 
mentally demonstrated for the mouse, and probably also true with slight 
modifications (9) for the rat and hamster. a) Testicular weight loss is 
maximum at about 4 weeks following doses up to 1,000 r or more (9, 10). 
b) Weight loss depends only upon the dose to the testes and is an ex- 
ponential function of that dose (9). c¢) Weight loss is due primarily to 
losses in the germinal epithelium and correlates well with the histologic 
changes. The changes in weight of the interstitial tissue are trivial 
(8, 10). 

The studies reported here involved the acute reaction of the testes of 
the mouse at approximately 4 weeks after irradiation. Fractionation of 
dose neither increased nor decreased this reaction. The relation of the 
findings to previous ones, including Lorenz’ work on chronic exposure 
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and to current concepts of spermatogenesis, will be dealt with in the 
discussion. 


Materials and Methods 


Mice.—The CAF, mice were the F, generation from the cross (BALB/c) 
2 X (A/He) o, 115 to 190 days of age. Four or sometimes three animals 
were housed in drawer-type cages with wire mesh floors 130 cm.’ in area, 
constantly supplied with Purina laboratory chow checkers and water. 
Fighting leading to serious injury did not occur. No animal died from 
any cause during the experiments. 

In setting up an experiment, animals weighing less than 25 or more 
than 34 gm. were always discarded, the usual limits being 26 and 33 gm. 
The animals were distributed so that the mean weight and the distribution 
of weights in all experimental groups were alike. 

This procedure was based upon the finding in mature animals, selected 
as above, that testicular weight was closely correlated with body weight 
but not with age (9). The correlation was re-examined using the data 
for all controls of the past 2 years, including those of experiments lasting 
up to 6 months. Of 171 control animals, 3 had but one testis, and 6 
others had pairs weighing less than 180 mg. These 9 animals were dis- 
carded. For the remaining 162 animals, body weight and testicular 
weight (+ standard deviation) were as follows: 


Body weight Number of Testicular 
(gm.) animals weight (mg.) 
ID i iss. due Wie Sy Aiwngiias Wie wears ke SE WS RRO ARS SALE ee 5 210.0 + 12.3 
a Sadr ate ais cre ch mit ner ara lao) aed eer a ce aoa 33 §=6.217.0 + 15.7 
28-30 be aap ao ia) eR ISS cate ects eta sts ov ea ORC as oo 71 226.5 + 14.0 
SS «Sh ck cr A ure A pita ta hee aes kOe LI oe ee a 35 230.3 + 15.7 
RUNG ica) ar 0: deface ain a Se HI Ah I a Oe 18 237.8 + 181 

The regression of testicular weight 7 (mg.) on body weight B (gm.) for 


the five classes of body weights listed was 
T = 129+ 3.31 B + 1.7, 


confirming the previous finding. It was also noted that the data for 
body weight and testicular weight appeared to be normally distributed. 
The data for age and testicular weight were as follows: 


Number of Testicular 


Age (days) animals weight (mg.) 
I a ars aa a la radars ot a aca stg a Ok Rcd ee er 6 227 + 12.7 
I oo ore cs rca a tar ae ac cee er gh a os me oe ae ho aE SC 46 228 + 17.0 
I aid ns phan. haha biotin eras eco sa cha eT fck ak ceo ee ce 47 227 + 15.5 
I i eg ia atcha instars wd ar eo tod aeaa 11 226 + 14.8 
ES 6a iG w5 ea nae aa ee es AeA eee ewe a mae ieee 25 230 + 14.5 
a al rie aah hare sa cat ole Telecare Ach es Gai ak 22 236 + 18.2 
I chs eg saa li" fo 70ST ec 4 237 + 15.2 


Technique of irradiation——The animals were irradiated as described 
previously (9). Total-body exposure was employed under conditions 
developing maximum scatter. The X-ray beam from a 250 kve unit 
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was filtered to HVL = 1.55 mm. Cu. The tissue dose-rate was 33 to 
45 r per minute. 

Weighing of testes——The animals were decapitated. The testes, freed 
of the epididymides, were blotted and weighed immediately after removal. 
To determine the dry weight, the left testis was placed in a tared aluminum 
cup and dried at 92° C. for 20 to 24 hours. Before completion of cooling 
to room temperature, the cup was placed in a closed dish, since it was 
found that the dried organ gained weight when exposed to the air at room 
temperature. 

The left and right testes, on the average, were practically equal in 
weight. In 111 animals, the left testis averaged 50.5 and the right testis, 
49.5 percent of the total fresh weight. The average for groups of 5 to 
10 animals differed by 1 to 2 percent. 

The fresh weights always refer to the pair of testes and are in milligrams. 
The dry weights are expressed as percentages of the fresh weights. 

Two criteria were employed for the rejection of a weighing: a) obvious 
biological abnormality, e.g. only one testis present; 6) when rejection of 
that weighing would decrease the coefficient of variation for the group at 
least 33 percent, the value of the coefficient initially having been greater 
than 0.1. Criterion a was the more frequently employed. In the four 
experiments of table 1, set up with 301 animals, 17 animals were rejected. 


TABLE 1.—Minimum testicular weight after single or fractionated doses of X rays 









































| Dose (r) Mean weight (mg.) 
| 
Expt. No. | Day of experiment Day of experiment 
} o | 1 | 2 | 3 | 4 | 229 | 30-82 
i cicnins | o| | 228 (10)t 
| 80 | 156 (5) 
| 40 | | 40 | 155 (5) 
| ,40 | | 40 154 (6) 
aE 120 | | 129 (6) 
60 60 113 (6) 
60 60 128 (6) 
aids piseied | 240 95 (6) 
| 120 | 120 90 (5) 
120 120 | 93 (5) 
a I 0 | | 2380 (6) 
| 100 | 137 (11) 149 (4)¢ 
60 | 40 | 131 (6) 
| 60 | 40 126 (6) 135 (5) 
60 | | 40 130 (6) 139 (6) 
_ Serene ae | 136 (20) 
| 20 | | 30 | 50 | 133 (9) | 138 (9) 
| 15 15 20 | 25 | 25 | 128 (10) 136 (10) 
— Sa | oo | | | | 288 (9) 
| 100 | | 126 (8) 135 (9) 
| 15 | 15 | 20 | 25 25 | 182 (7) | 132 (9) 
*Physically equipotent fractional doses. tNon-equipotent fractional doses. 
tNumber of mice in each group. §Biologically equipotent fractional doses. 
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Results 


The average weight of the testes of the control groups in table 1 was 
in the range 228 to 238 mg. Previous work (9) had shown that approxi- 
mately 75 percent of the weight, or 170 mg., can be lost following irradia- 
tion. In most of the experiments the total dose, in the neighborhood of 
100 r, was such that approximately 90 mg. or half the maximum weight 
loss occurred. Under these circumstances it was possible to demonstrate 
either an increased or decreased effect due to fractionation. The changes 
following a single dose of 100 r are shown in text-figure 1 (triangles). 
Approximately 1 week after exposure on day 0 the weight began to fall, 
reaching a minimum on day 27, and rising again after about day 32. 

















1 | 1 i | 1 ' 
~ 230 ie. 
S, 
= 210+ 4 

FRACTIONATED 
= 190 7 d 
© 
W170 ss SINGLE 
= ad DOSE 
‘ 
PS 130} wy 
S = l = l 
370 21 27 32 42 


DAYS 


Text-FIGURE 1.—Testicular weight following a dose of 100 r, given in a single dose 
(A) or in 5 fractions (CO). The difference between the points at 21 days was 
statistically significant (P*.02) by the ¢ test. The maximum losses, however, 
were within 6 percent of each other. These data are from experiment 4. 


In an exploratory experiment comparing the effect of two fractions 
(40 r + 40 rand 80 r + 40 r) with that of a physically equivalent single 
exposure, weights were determined at 28 days after both the first and 
second fractions. Fractionation diminished weight loss when the frac- 
tions were separated by about 2 weeks, but not when separated by 1 week 
or less. Since an increase in damage due to fractionation was being 
sought, the main experiments were planned for 2 to 5 fractions in 1 to 4 
days’ elapsed time. 

Three types of fractional doses were tested: physically equipotent 
(experiment 1), biologically equipotent (experiments 3 and 4), and those 
neither physically nor biologically equipotent (experiment 2). 

Each fraction of the biologically equipotent doses caused equal amounts 
of weight loss and was planned on the basis of previous results (9). The 
weight in milligrams W at 28 days after a single radiation dose D of less 
than 150 r is adequately predicted by 


W = 138 7.0 D +. 92. 


The biologically equipotent doses of experiments 3 and 4 were calculated 
from this equation. 
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The results of the four experiments are shown in table 1. The testes 
were weighed at 27 to 29 days, and also in some experiments at 30 to 32 
days, after the first exposure on day 0. The two weighings insured that 
the weight would be determined at the time of its minimum, even though 
fractionation delayed this event. 

The data (table 1) show that fractionation of dosage did not change the 
maximum amount of weight lost. The rate at which the final effect was 
reached was somewhat slower under fractionated dosage (text-fig. 1). 
This was not surprising since the total dose was reached later than under 
nonfractionated dosage. 

The dry weights of the testes, expressed as percentages of the fresh 
weights, increased slightly as the testes lost weight following irradiation, 
both in the single dose (SD) and the fractionated dose (FD) series of experi- 
ment 4. 


Day: 0 3 7 11 21 27 32 42 
SD: 14. 8 14. 9 14. 7 14. 9 15. 1 16. 2 15. 4 14.3 
FD: 14. 8 15. 4 14. 7 14.8 15. 4 16. 2 15.8 15. 4 


The small but significant increase in dry weight was maximal when testic- 
ular weight was minimal, declining thereafter as normal weight was restored. 


Discussion 


It was shown previously (9) that the mouse testis reacts to X rays as if 
composed of two independent populations of biological units. Popula- 
tion A, controlling 60 percent of the total weight, is 25 times as sensitive 
to X rays as population B, and hasan ED» of 55to75r. It was concluded 
that only one radiologic event is required to inactivate one A or B unit, 
since the weight loss in each population is an exponential function of radia- 
tion dose and is independent of the dose-rate (1.4 to 64 r/min.). The new 
fact that fractionation of dose over a 4-day period does not affect the results 
is further evidence in favor of the proposed single-action radiologic mech- 
anism. The terms radiolugic event and single-action are employed to avoid 
connotations that may be associated with the terms Ait and one-hit of the 
so-called target theory. In the hamster and rat there is only one sensitive 
population, with an ED, of about 110 r (9). 

The spermatogonia are the most sensitive cells in the germinal epithelium 
of the rat and mouse and may be killed outright (11-13) or may give rise 
to progeny which die (6). It was therefore inferred that population A is 
composed of spermatogonia. Regaud and Blanc (/1) distinguished 
“dusty” spermatogonia, now called type-A, from “‘crusty’’ spermatogonia, 
now called type-B, the latter being the more sensitive. Currently pro- 
posed schemes of spermatogenesis (14-16) suggest that a sequence of 
three type-A divisions followed by two type-B divisions in the course of 
4 to 5 days leads to the production of the primary spermatocytes in rodents. 

Which of the two types of spermatogonia corresponds to the radiologi- 
cally defined units called population A depends upon which is the principal 
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factor limiting testicular weight under the conditions of the experiment. 
The importance of type-B is diminished by the fact that it follows type-A 
in spermatogenesis. For this and other reasons, it seems to us more likely 
that the type-A cell will prove to be the unit of population A. In either 
case, it should be noted that the exponential nature of the inactivation 
curve predicts the survival of a few spermatogonia at high doses—in the 
mouse 1 percent after 400 r and 0.01 percent after 800 r; in the hamster and 
rat 1 percent after 800 r and 0.01 percent after 1,600 r. 

The conclusion that fractionation is without effect upon radiologic dam- 
age in the testes, when stated without qualification, is at variance with the 
literature.* Schinz and Slotopolsky (1), stimulated by Regaud’s work on 
protraction of dosage (5), administered to the rabbit testes a total dose of 
1 HED (skin erythema dose), equivalent to about 600 r (air), HVL = 1 
mm. Cu. Injury was ascertained by histologic examination. When the 
dose was not fractionated, extensive though incomplete involution of the 
germinal epithelium occurred, followed by restitution 7 weeks after ex- 
posure. When the dose was given in 5 or 10 equal daily fractions, the 
epithelium consisted only of Sertoli cells at 7 weeks after exposure, and 
restitution occurred at 13 weeks. The authors emphasized that the pri- 
mary effect of fractionation was delay of restitution. Their work is notable 
because it is the first demonstration that fractionation enhances the effect 
of X rays. 

Sartory and Meyer (2) irradiated the testes of the rabbit, using the beam 
from a 200 kve machine filtered with 2mm.Cu + 1mm. Al. Total doses 
of 750 to 3,750 r (skin ?) were given in a single exposure or in 10 to 12 equal 
fractions at 48-hour intervals. The data indicated that recovery was more 
likely following a single exposure than following the fractionated series. 

Regaud and Ferroux (17), using 4 rabbits, concluded that fractionation 
spared the skin of the scrotum, although the effects upon the germinal 
epithelium were unchanged, or perhaps slightly increased. Subsequently, 
Ferroux, Regaud, and Samssonow (3) administered to the genital area of 
the rabbit a total dose of 2,040 r (air) in 2 to 6 daily fractions. The 180 kv. 
beam was filtered with 8 mm. Al and 15 mm. wood. The testes were ex- 
amined histologically at 4 and 10 months after irradiation for the signs of 
permanent sterilization. It was concluded that sterilization was achieved 
only when the total dose was given in 4, 5, or 6 fractions, and that the 
Sertoli cells were better conserved under such dosage. 

Fogg and Cowing (18), using 100 kvp X rays, HVL = 2.6 mm. Al, 
treated the pelvic region of C57BL mice with a total dose of 1,440 r (air) 
in one exposure and in 5 fractions at 4-day intervals. They examined the 
testes histologically up to 58 days after the first exposure. The necessity 
for making comparisons between such series at strictly comparable post- 
irradiation times had been discussed by Schinz and Slotopolsky (1), but 
Fogg and Cowing, who cited none of the references above (1-3, 17), 
failed to do so. For this reason, the significance of their conclusion that 


‘ In mice of the same strain there is approximately 70 percent recovery in a 4-day period from a fractional dose of 
350 r total-body irradiation, judged by its contribution to the LD®. 
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fractionation produces a greater effect on spermatogonia and spermato- 
cytes is not clear. 

The experiments cited thus far dealt with the effects of fractionation 
alone. Kirchhoff and Kelbling (19) studied the histologic effect in the 
rabbit testes of protracting fractionated doses. The term protraction is 
used specifically to indicate a decrease in dose-rate. Doses totaling 200 
to 1,800 r were given in 1 to 10 daily fractions at either 73 or 2 r per minute. 
No differences due to dose-rate were observed at 5 or at 31 to 43 days after 
exposure. Lorenz (20) found no difference in testicular weight of the 
mouse at the end of treatment when 10 r per day were given for 30 days at 
7 r per minute instead of 0.04 r per minute. 

In contrast to the foregoing, when either protraction or fractionation 
was sufficiently extreme, the effect of a given total dose was diminished. 
In their studies in the tolerance range, Lorenz, Heston, Eschenbrenner, and 
Deringer (7) and Eschenbrenner, Miller, and Lorenz (8) showed that 
testicular weight in the mouse remained practically unchanged for 
16 months of irradiation at 1.1 r per 8 hours per day. At 4.4r per 8 hours 
per day, the weight fell to 60 percent of normal during the first 2 months, 
and in the next 14 months fell only 15 percent more. 

Upon review, it is evident that several major technical differences 
distinguish the present series of experiments from previous ones. When 
fractionation decreased radiologic injury, extremely protracted fraction- 
ated dosage was employed, e.g. 0.01 r per minute for a total of 5 r per day 
administered for a period of months. When fractionation increased 
radiologic injury, the total dose was from 6 to 20 times greater than that 
investigated in the present experiments and the biologic effect measured 
was ability to recover from injury rather than injury per se. It is con- 
cluded that the present results complement rather than contradict the 
older ones. 

When all the data pertaining to the effects of fractionation upon the 
testes are considered together, the outlines of some generalizations begin 
to emerge. Granting that more work needs to be done, the following 
synthesis is suggested. Extreme fractionation and protraction tend to 
diminish the degree of testicular involution by permitting the rate of 
biologic recovery to approximate that of radiologic injury. At dose-rates 
of 0.1 to 100 r per minute, the amount of involution for a given dose is 
independent of the dose-rate. The effect of fractionation then depends 
upon the size of the fractional dose, the interval of time elapsing between 
fractions, and the total dose. A total dose of about 100 r causes marked 
involution that is unchanged when the same total dose is administered 
fractionally in 1 to 4 days. Larger doses of 600 to 2,000 r cause maximum 
involution and also diminish the rate and final amount of restitution. 
Their fractional administration (daily, or 4 or 5 times weekly) throughout 
elapsed periods of 3 days to 3 weeks does not affect the degree of involution, 
but does increase the damage sustained by the mechanism responsible 
for restitution. 
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Summary 


1) Following exposure to X rays, radiologic injury in the germinal 
epithelium of adult CAF, mice was measured by the maximum loss of 
testicular weight, which in the present experiments occurred at about 
4 weeks after irradiation. 

2) The effects of undivided and fractionated dosage were compared. 
The total dose was varied from 80 to 240 r (tissue). The number of frac- 
tions was varied from 2 to 5, given in 1 to 4 days’ elapsed time. Phys- 
ically equipotent, biologically equipotent, and non-equipotent fractions 
were used. 

3) The degree of radiologic injury was proportional to the total dose, 
but it was not affected by fractionation within the limits used. This adds 
further support to the hypothesis advanced previously that one effective 
radiologic event inactivates one biologic unit, most likely aspermatogonium. 

4) The present results, together with those in the literature cited, lead 
to the following synthesis which is proposed for the available data relating 
to the rodent testes. Extreme protraction and fractionation diminish 
injury. At dose-rates of about 0.1 to 100 r per minute the effect of frac- 
tionation is influenced by the size of the total dose. Doses of 100 r cause 
involution, but fractionation during a period of 4 days does not influence 
the amount. Doses of 600 to 2,000 r cause involution and also inhibit 
restitution. Fractionation of such large doses increases damage in the 
mechanism responsible for restitution. 
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The Radiation Recovery Factor: Pres- 
ervation by the Polge-Smith-Parkes 
Technique’ 


Davin W. H. Barnes and Joun F. Lovrir,? 
Medical Research Council’s Radiobiological Research 
Unit, Atomic Energy Research Establishment, 
Harwell, Berks, England 


Egon Lorenz and his collaborators in a series of papers (1-5) over the 
past few years made a number of notable advances in the treatment of 
experimental animals given lethal irradiation of the whole body. 

Jacobson et al. (6) had shown that mice so irradiated could survive 
following implantation of normal splenic tissue into the peritoneal cavity. 
Lorenz et al. (1) showed that similar recovery was also obtainable with bone 
marrow, not only in mice but also in guinea pigs. Bone marrow, unlike 
spleen, is not a discrete organ, so Lorenz’ method of administration of the 
tissue was by injection of a suspension. This was a considerable gain in 
technique. By intravenous, rather than intraperitoneal injection, smaller 
doses gave better survival—a great gain in therapeutic result. Further- 
more, and most important, it was shown that guinea-pig marrow could 
cause a lethally irradiated mouse to survive (2). Jacobson (7) had postu- 
lated that the recovery factor in spleen (and bone marrow) was a humoral 
agent. By far the most potent argument in favor of this hypothesis, 
rather than one involving seeding of the donated cells in the recipient, was 
this demonstration that the recovery factor was not species specific. It is 
difficult to envisage how heterospecific cells could survive, multiply, and 
function. Further studies at Bethesda have resulted in reports that, in 
addition to guinea-pig marrow, rat bone-marrow (4) and bone-chips from 
mice and rats (5) are also active in the recipient mouse. These results and 
chemical evidence (8, 9) add further weight to the humoral theory. 

On the other hand we have argued (10, 11) that much of the evidence is 
equivocal and that some fits better the hypothesis implicating a cellular 
graft from donor to recipient. Whatever the active agent, there is general 
agreement that it is probably macromolecular, particulate, and very labile 
in vitro. It loses its activity within a few hours at room temperature and is 
inactive, certainly after 48 hours at +4° C. and —15° C., and probably 
earlier. This is similar to the viability of mammalian cells. 


1 Received for publication October 11, 1954. 
2 The authors are greatly indebted to Dr. A. S. Parkes and Dr. A. U. Smith for advice and to Miss D. K. Salmon 
for technical assistance. 


901 


Journal of the National Cancer Institute, Vol. 15, No. 4, February 1955 





902 BARNES AND LOUTIT 


However, Parkes and his collaborators (12, 13) have demonstrated that 
the viability of many mammalian cells and tissues can be preserved by 
storage in glycerol at the temperatures of solid CO, freezing mixtures or 
of liquid air. We have therefore submitted infant mouse spleen to a 
scheme suggested by Parkes and Smith (personal communication) and 
have demonstrated that, thus preserved, it retains its ability to cause 
recovery of irradiated mice. 


Apparatus 


The apparatus (text-fig. 1) required for freezing the spleen was con- 
structed in our laboratory workshop and is a small version of that used 
by Polge and Lovelock (14). 
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TEXT-FIGURE 1.—Diagram to scale of apparatus used. 


It consists of a one-gallon Dewar flask (‘‘Thermos’’) containing freezing 
mixture of solid CO, in methylated spirit. Into the flask can be inserted a 
300 ml. polythene beaker which has been welded to a sheet of polythene to 
act as a temporary cover. The polythene beaker contains 40 percent 
glycerol which freezes at —15° C., and has suspended in it a copper vessel. 
The copper vessel contains the sample tubes and a small quantity of spirit 
to prevent adhesion of the sample tubes at low temperature. 
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The theory behind the construction of the apparatus is that on placing 
the polythene beaker into the freezing mixture the temperature in the 
copper vessel falls slowly to —15° C. At this point the glycerol freezes 
and the temperature of the samples then falls rapidly to —70° C. 

Our apparatus did not show the exact physical characteristics required ; 
it was thus necessary to insert a heating coil in the 40-percent glycerol 
contained in the polythene beaker. The amount of heat applied is con- 
trolled by an ammeter and variable resistance. 


Procedure 


The spleens were excised from mice of strain CBA, 5 to 10 days of 
age, and chopped into fragments of about 1 mm.*. These were placed in 
ampules containing 15 percent volume/volume glycerol in homologous 
serum. The glycerol for pipetting was taken from sterile ampules of 
75 percent glycerol (A. R.) in physiological saline, since pure glycerol is 
too viscous for accurate pipetting. 

The sealed ampules containing the chopped spleens in glycerol serum 
were placed in the copper vessel suspended in the polythene beaker. The 
whole assembly was then transferred to the flask of freezing mixture. 
The rate of fall of temperature of the samples was carefully followed with 
an alcohol thermometer and stop watch, and controlled by altering the 
current passing through the heating coil. The temperature fall was limited 
to 1° C. per minute down to —15°C. It was then allowed to fall to —70°C. 
at not more than 10° per minute. When the temperature of the ampules 
reached —70° C., they were suspended from corks and placed directly in 
the freezing mixture for prolonged storage. The polythene beaker 
assembly was removed and the normal insulated lid of the Dewar flask 
was replaced. 

' The flask was refilled with solid CO, as required. Losses were mini- 
mized over weekends by placing the flask in a refrigerator at —15° C. 

When the spleens were to be injected into irradiated animals, the 
ampule required was removed from the freezing mixture and thawed 
rapidly in a water bath at 37° C. After opening the ampule, the glycerol 
serum containing the lumps of spleen was transferred to the vessel for 
homogenization. 

Experimental Details 


The mice for irradiation were males between 3 and 5 months old of the 
inbred CBA strain with which our previous studies were made. As 
before, five mice at a time were irradiated from below in the aluminum 
mouse box in which they live. The radiation was produced by a Westing- 
house radiotherapeutic machine operated at 240 kv. and 15 Ma. and had 
a half-value layer equivalent to 1.2 mm. Cu with the uniformity filter in 
use. The dose delivered was equivalent to 950 r measured in air with 
backscatter at the position of the mice, and has been 100 percent lethal 
to over 300 control mice. 

The irradiated mice were injected intravenously within an hour or so of 
irradiation. 
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In each experimental batch they consisted of three groups: 1) control 
mice who received only a dummy injection of sterile saline; 2) mice who 
received mush from spleens freshly excised; 3) mice who received freshly 
prepared mush from spleens stored at —70° C. 


Results and Discussion 


The results are summarized in table 1. They demonstrate that, as in 
our previous studies, the dose of 950 r is uniformly lethal in the absence of 
protective measures. The positive controls given mush from freshly 
excised and prepared spleens showed some variability but on the whole 
clinically satisfactory results—23 survivors out of 29 given the equiva- 
lent of one spleen and 14 out of 25 given the equivalent of \ of a spleen. 
The mice given spleen stored for various lengths of time—2, 9, 17 days— 
also showed variable survival. There are sufficient survivors to demon- 
strate qualitatively that the activity of the preparation can be preserved 
for some weeks—19 survivors out of 30 given the equivalent of one spleen 
and 8 survivors out of 26 given the equivalent of % of a spleen. It is 
doubtful if it is profitable in such a small and preliminary experiment to 
discuss quantitative aspects. Inspection of the table suggests that the 
variance within groups of treated mice is as great as the variance between 
groups. Although the effect of injection of glycerol serum alone has not 
been adequately tested, in limited trials to date, no recovery has been 
scored. 

TABLE 1.—Thirty-day survival of strain CBA mice after 950 r 




















| Amount Number surviving/number mice 
Injected | injected— 
Group | intravenously | equivalent 
with of infant Lots Total 
| spleen 
| 
I (con- | Sterile saline.... --- 0/5 | 0/5 | --- | 0/10 | 0/10 | 0/10 | 0/40 
trol). 
II......| Spleen mush | 
ae 1 4/4 | 4/5 | 5/5 | 5/5 | 0/5 | 5/5 | 23/29 
| ae 1/5 3/5 | 5/5 | --- | 5/5 | 0/5 | 1/5 | 14/25 
III.....| Spleen mush 
stored at 
—70° C. 
for 2 days...... 1 4/5 | 1/5 | 0/5 | --- | 5/5 | --- | 10/20 
for 9 days...... 1 wn- | --- | --- | --- | --- | 5/5 5/5 
for 17 days..... 1 --- | --- |---| 4/5 | --- | --- 4/5 
for 2 days...... 1/5 0/2 | 0/5 + 1/5 | --- | 0/5 | ---| 1/17 
oor OP aeee...... 1/5 --- | --- | --- | --- | --- | 3/4 3/4 
for 17 days..... 1/5 po --- | --- | 4/5 | --- | --- 4/5 





























Another experiment with material stored for 83 days has been completed 
with the following results at 28 days after irradiation of mice with 950 r. 
The survivors were 0 out of 3 given saline; 5 out of 5 given the equivalent 
of 1 spleen fresh; 4 of 5 and 3 of 4 given the equivalents of 1 and %, respec- 
tively, of spleen stored at —70° C. 
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PRESERVATION OF THE RADIATION RECOVERY FACTOR 905 


Summary 


Spleens of infant CBA mice, when injected intravenously as a mush, 
can lead to recovery of homologous adult mice given an otherwise lethal 
dose of X rays. The recovery factor has not been lost when the infant 
spleens have been stored in glycerol serum at —70° C. for as long as 83 days. 
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On Wasted Radiation and the Interpre- 
tation of Experiments With Chronic 
Irradiation *? 


R. H. Mote,’ Medical Research Council’s Radio- 
biological Research Unit, Atomic Research Estab- 
lishment, Harwell, Berks, England 


There are perhaps two distinct aims in experimental work on irradiation 
effects. One is to understand the mechanism of radiation damage; the 
other is to discover how much radiation is required to do a given amount of 
damage. Here the most fundamental difficulty is the extrapolation from 
animal to man, a difficulty which increases inordinately with the duration 
of time over which the effects of radiation are sought. Lorenz (1) faced 
this problem when discussing the results of chronic irradiation of mice 
with gamma rays, and based his discussion of hematopoietic and ovarian 
damage on the idea that man should be considered as sensitive as is that 
species of animal found experimentally to be most sensitive to the particu- 
lar form of radiation damage under consideration. In this paper this 
extrapolation difficulty will be put aside, and it will be assumed that the 
results of animal experiments with chronic irradiation are somehow trans- 
ferable to man. The question to be examined is the quantitative relation 
between radiation dose and effect in such experiments. 

In all the experiments reported until now (2-7), radiation has been 
given daily to a group of animals until all the animals were dead. The 
day of death of each animal ‘gave the total radiation dose it accumu- 
lated, and the mean accumulated dose of a group has been the parameter 
used in discussing dose-effect relationships. One obvious question is, how 
much of the radiation was wasted? Supposing the irradiation had been 
stopped sometime before the death of an animal, would the animal have 
died just the same? Lorenz (1) was aware of this possibility that the 
mean accumulated dose was greater than the minimum dose required to 
produce the same effect, but considered that the difference between the 
two, or the wasted radiation, was likely to be relatively small. The ex- 
periment to be described shows, however, that (under some conditions at 
least) the wasted radiation may amount to well over half the mean accumu- 
lated dose. This in turn implies some revision of accepted dose-effect 
relationships. 


4 Received for publication October 18, 1954. 


2 This paper is based on & communication to the Seventh International Congress of Radiology, Copenhagen, 
Denmark, 1954. 


3 The author is indebted to Mr. M. Corp, who carried out the irradiations, and to Mr. G. Jeffries for their help 
907 


Journal of the National Cancer Institute, Vol. 15, No. 4, February 1955 











908 MOLE 


Methods 


Female strain CBA mice bred in the laboratory were used. Batches of 
10 to 30 boxes of litter mates aged 8 to 11 weeks were randomly distributed 
so that each experimental cage held 5 mice. Food was a standard cube 
ration given ad libitum. The experimental treatment consisted of daily 
X irradiation at a dose of 200 r, 100 r, 50 r, 25 r, or 10 r daily. At each 
dose rate, certain total doses were decided on beforehand and allocated 
at random to the cages in a batch. The mice were irradiated 5 days a 
week until they had received their predetermined total dose. Irradiation 
then stopped and the cage was observed daily until all the mice in it were 
dead. A few cages were continuously irradiated 5 days a week at doses 
from 800 r to 25 r daily until all the occupants were dead. X rays were 
generated at 240 kv., 15 Ma., HVL, 1.2 mm. Cu giving a field uniform to 
+5 percent with a stepped filter. The dose rate was 44 or 9.6 r per minute. 
The mice were irradiated in the ordinary aluminum cages in which they 
were maintained without being transferred to special exposure boxes. 
Each dead mouse was examined for the cause of death. 


Results 


The results of continued irradiation until all the mice were dead are 
given in text-figure 1 (wpper curve) and show the same pattern of change 
with dose rate observed by others (2, 8-10). As the daily dose was 
decreased the mean accumulated dose decreased to a minimum and then 
rose. This should mean that as the dose rate decreased from 800 r daily 
to 100 r daily the killing efficiency of the radiation increased. 


4000, 





: 








800 200 50 10 
DAILY DOSE (roentgens) 


TEXT-FIGURE 1.—The relation between the daily dose of X rays (log scale) and the 

mean accumulated dose (upper curve: 0——O) and the LDg—30 days (lower curve: 
) in strain CBA mice. The broken line (-—-—-—) represents the approximate 
course of the LDg curve one year after the start of a limited exposure to daily 
irradiation. 





A quite different relation between dose rate and the dose required to 
kill was given by those mice irradiated daily, not until they were all dead, 
but to a predetermined total dose (table 1). After such limited exposures 
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to daily doses of 200, 100, and 50r, all the deaths occurring within the first 
few months after the irradiation occurred within 17 days of the end of the 
irradiation period. At 25 r daily, delayed deaths began 2 months after 
the end of the irradiation at total doses of 3,000 r and more, but this did 
not invalidate the determination of the LD» at 30 days. The LD» was 
determined by relating probit of deaths to the dose in roentgens. There 
was no internal evidence that the logarithm of the dose was a better 
parameter to use. In contrast to the results of continued irradiation there 
was a continuous increase in the LD as the daily dose was decreased 
from 800 r (text-fig. 1, lower curve). Thus, when wasted radiation was 
eliminated, there was a steadily decreasing killing efficiency of radiation 
as the daily dose was decreased. There was no minimum total dose for 
some intermediate dose rate. 


TaBLE 1.—LD»—30 days for fractional X irradiation of strain CBA mice 








ial Mice used for | Reciprocal of 
Daily 4 aay | determining LD» S. E. probit-dose 
oe LDw» slope 
r number r r rT 
200 40 1, 044 20 63 
100 59 1, 344 31 154 
50 75 1, 698 78 420 
25 25 3, 600 200 620 








The difference between the mean accumulated dose and the LD,» at 30 
days was about the same, 320 to 340 roentgens at 100, 50 and 25 r daily. 
It might seem as if wasted irradiation became proportionately less as the 
daily dose was decreased, but the length of the period of observation after 
the end of irradiation is of crucial importance to any interpretation of these 
data. If mice survive 30 days after a single dose of radiation, few die in 
the next 12 months. This was also true of survivors of irradiation given 
at 200 rand 100 rdaily. At 50 rand 25r daily, however, delayed deaths 
occurred after the conventional 30 days, thus reducing the LD,» as the 
period of observation was prolonged (text-fig. 2). The LD, at 25 r daily, 
9 months after the end of irradiation, was less than half what it was 1 
month after. These later deaths were undoubtedly due to the irradiation: 
control deaths were negligible in the same period. Similar though quan- 
titatively different results have been obtained in male strain CBA mice, 
females of strain A, and the F, hybrid from crossing CBA and A. 

Mice dying within 30 days of the end of the irradiation period commonly 
died with a severe anemia. Irradiated mice dying during the next year 
nearly always died of leukemia. The incidence of leukemia among con- 
trols during that time was nil. The tumor data will be reported in detail 
when the observation period has lasted longer. 


Discussion 


There have been very few experiments in which animals have been given 
daily doses of radiation of the order of twenty times the maximum per- 


Vol. 15, No. 4, February 1955 












910 MOLE 


40007 


30007 
roentgens 


2000- 











; § 6 9 12 
MONTHS AFTER END OF IRRADIATION 


TEXT-FIGURE 2.—The change in LDgo after the end of a limited exposure of strain 
CBA mice to daily X irradiation. 


200 r daily dose. 
100 r daily dose. 
O————_O = _50r daily dose. 
X----- X= 25r daily dose. 
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missible and less than this amount. The reasons are simple: the amount 
of work is very great since no measurable effect can be expected unless 
the irradiation is given over a large fraction of the animal’s life span, the 
precautions required to insure that the control nonirradiated animals are 
treated in exactly the same way as the irradiated animals are onerous, and 
there is the ever-present danger that all the work will go for nothing because 
of some accident or epidemic. It is not surprising, therefore, that several 
attempts have been made to derive some relation between dose and effect, 
which will be true not only for single large doses of radiation and 
for repeated but still fairly large irradiations but which also can be 
extrapolated to discover the effects of dose rates of the order of the maxi- 
mum permissible (9, 11-13). Biologically, we may wonder if it is sensible 
to expect some single relation between radiation dose and effect over a 
10,000-fold range of dose rate, but if some empirical relation did exist it 
would be very useful. 

These attempts to extrapolate dose-effect relationships were all based 
on experiments involving continued irradiation until death. That this 
procedure may exaggerate the amount of radiation required to kill is 
obvious if one considers daily doses of the order of 1,000 r. One dose is 
enough to kill but the animal takes several days to die. On each of those 
days another dose can be given but all this subsequent radiation is wasted 
as far as the fact of death is concerned. Its only action can be to make 
death occur earlier and, interestingly, even this effect is not at all marked. 

In experiments on mice and guinea pigs with gamma radiation at 90 to 
140 r per day, Thomson, Tourtellotte, Carttar, Cox and Wilson (10) 
found that the LD,» for limited exposures was 40 to 65 percent of the 
mean accumulated dose for continued exposure. The experiment reported 
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here shows that the mean accumulated dose for continued exposure in- 
cludes a variable but important proportion of wasted radiation at dose 
rates down to 25 r daily (text-fig. 1). Also, the proportion of radiation 
which can be considered wasted increases as the observation period is 
prolonged, especially at 25r daily. It should perhaps be emphasized that 
the main human risk is from an exposure to radiation for limited periods 
followed by a lifetime much more nearly free from exposure, a situation 
which was imitated in the work reported here. 

In text-figure 3 are shown the LD,»’s obtained here a year after the 
start of irradiation, and the mean accumulated doses found by Lorenz 
et al. (4) for chronic gamma irradiation of mice by 8.8 to 2.2 rdaily. If it 
is true that the killing dose of radiation reaches a maximum at a daily 
dose somewhere between 25 and 4.4 r (as text-fig. 3 superficially suggests), 
then at smaller daily doses than this the killing efficiency of a roentgen 
must again increase. This effect might become very relevant to deciding 
what the maximum permissible level should be for a lifetime’s exposure. 
On the other hand, if the mean accumulated doses found by Lorenz et al. 
(4) included an important proportion of wasted radiation, then it is 
probably safe to extrapolate and assume that the killing efficiency of a 
roentgen decreases steadily as the daily dose is decreased to maximum 
permissible levels. Although insufficient time has elapsed from the start 
of X irradiation at 10 r daily for a proper assessment, it seems probable 
that the LD» at the end of a year will be much less than 4,000 r. With 
the reservation that the intensities at which daily irradiations are given 
may prove to be of critical importance, it seems safe to conclude that the 
mean accumulated dose of 4,300 r at 8.8 r daily [Lorenz et al. (4)] did 
include a considerable amount of wasted radiation, and that there is, so far, 
no evidence against the assumption that the killing efficiency of radiation 
decreases steadily as the daily dose is decreased. 
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TEXT-FIGURE 3.—A comparison of the results of continued gamma irradiation (Lorenz 
et al. (4), O — — — — CO) and limited X irradiation (from text-fig. 1). 


There is a definite limit to the daily dose rates worth examining 
experimentally. As long as the period of observation is less than the time 
at which there is an appreciable death rate in the controls, no correction 
for control deaths is required. If the daily dose is low enough it will take 
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longer than this to accumulate enough radiation to have a detectable 
effect. The measurement of the LD» when this includes an appreciable 
correction for natural mortality is inevitably suspect, though Sampford 
(14) has shown how one correction method may be applied to the data of 
Lorenz et al. (4) on chronic gamma irradiation. At 2.2 r daily the correc- 
tion was large and when this is so the mean accumulated dose is, so to say, 
artificially diminished (text-fig. 3). If the natural life span had been 
longer some of the irradiated animals would have lived longer and there- 
fore received more radiation. The shape of the control mortality curve for 
our strain CBA mice (15) is unfortunately not adapted to the use of this 
method, although eminently suitable for the sort of experiment under con- 
sideration because control mortality is negligible until after the mice are 
1% years old. 


The experimental data also provide information on the rate of recovery 
after whole-body irradiation. Using paired doses it has been supposed 
that recovery takes place exponentially and at the rate of about 10 percent 
per day [for rats, Hagen and Simmons (8); for mice, Paterson, Gilbert and 
Matthews (/6)]. At this rate our CBA mice could never be killed by 
50 r daily on 5 days a week, let alone 25r. If exponential recovery is still 
assumed for prolonged irradiation, then from the LD,» for deaths within 
30 days it may be deduced that the over-all daily recovery rate cannot be 
more than 5 percent after 50 r daily and 2% percent after 25 r daily (to be 
published). The conclusion is inescapable that continued irradiation 
damages the ability to recover. 

This discussion, however, ignores the more important point that the 
delayed deaths which occur after a limited exposure to daily irradiation 
show that such irradiation has irreversible effects. A dose of 1,000 r, 
given at 50 r daily, killed about half the mice during the next year. This 
does not agree with Blair’s analysis (12) from which he concluded that 
the average life expectancy was reduced by only 7 percent for each 1,000 r 
of the total accumulated dose. Blair assumed that the recovery rate was 
constant and not affected by previous doses of radiation which, as has been 
seen, is in conflict with the facts. The data used in his analysis were 
derived from experiments where animals were irradiated continuously 
until death and, as already pointed out, mean accumulated dose is not in 
fact a suitable parameter to use. Nor is mean survival time, the other 
parameter, since this depends not so much on the dose rate or total dose 
of radiation as on how long the biological response to the radiation takes 
to develop. There must always be some doubt of the real value of math- 
ematical treatment of survival data where the kinds of biological failure 
that cause death are disregarded; but if one is trying to relate amount of 
radiation and effect it seems necessary to design experiments to avoid 
excess or wastage of radiation. 


The rate of development of lethal lesions seems to be affected in a com- 
plex way by fractionation, as Kaplan and Brown (17) have already ob- 
served under different conditions for lymphoid-tumor development in 
C57BL mice. After 1,000 r given in one dose to mature female strain 
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CBA mice death takes a few days and after the same total dose, given at 
100 r daily, deaths were delayed for over a year (since leukemia occurred 
rarely), but when the mice were given 50 r daily the delay was shorter 
and the frequency of deaths greater. The efficiency of production of 
leukemia in CBA mice by X radiation appeared to increase as the daily 
dose of radiation was decreased, at least over the range of dose rates so far 
examined. 

The relevance of mouse leukemia to the human disease is debatable (1,18, 
19), and it is legitimate to argue that, because most of the delayed deaths 
after a limited exposure of mice to daily irradiation were due to leukemia, 
man would not in fact have shown the same sort of delayed mortality. 
However different pathologically the two diseases may be, mouse and 
human leukemia show similarities in their causation by radiation. Both 
are increased in incidence by single doses of radiation [Furth and Upton 
(20)] and by chronic irradiation [March (21), Lorenz etal. (4), and this 
experiment]. Lorenz (1) suggested that the dose needed to increase the 
incidence of leukemia in mice was far greater than that received by radi- 
ologists, but Mitchell (22) suggested that physicians working with radia- 
tion used to receive doses of the order of 10 r daily, a dose rate which is 
sufficient to produce leukemia in CBA mice after less than 6 months’ 
exposure. 

Summary 


The effects of continued daily irradiation until death and of a limited 
exposure to daily irradiation are contrasted. The killing efficiency per 
roentgen of a limited exposure is much greater than for continued irradi- 
ation because so much of the continued irradiation is wasted. When 
allowance is made for wasted radiation, the pattern of dose and effect 
for chronic irradiation is markedly altered. The irreversible consequences 
of a limited exposure are quantitatively important. 
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Some New Experiments on Protection 
Against Whole-Body Irradiation? 


A. LacassaGne, J-F. Dupian, and N. P. Buv- 
Hor, Laboratoire Pasteur de I’ Institut du Radium, 
Paris, France 


The general problem of protection against the biological action of 
radiation remains fundamentally a problem of the cell, whether irradiation 
is applied: a) to a microorganism, 6) to a single organ, the rest of the 
body being protected by a screen, c) to most of the body of an animal, 
with the exception of some particular segment, or d) to the entire body. 

In any case, the aim of these experiments is either 1) to prevent the 
death of cells by inhibiting certain lethal cytochemical reactions (primary 
or secondary), or 2) to promote the recovery of those tissues that have 
suffered reversible injury. 

Unfortunately, the increasing complexity of associated reactions makes 
the interpretation of phenomena more and more difficult in the case of 
more highly evolved organisms that have been irradiated over a large 
surface. With laboratory animals, apart from chemical agents for the 
preservation and restoration of cells, the following biological substitution 
treatments have been used successfully: transfusion, parabiosis, seg- 
mentary protection, injection of living cells, tissue extracts or hormones. 

The present report deals with three series of experiments chosen from 
those being carried out at the Institut du Radium in Paris. The first 
series concerns the preventive use of certain phenolic compounds on the 
mouse irradiated in toto; the second series concerns the use of glucosamine 
under the same conditions, and the third series describes the effect of 
embryonic rat-liver suspensions injected into rats after irradiation. 


Tests for Protection with Phenolic Compounds 


The use of phenolic compounds in vivo prior to irradiation was suggested 
by the results obtained by Loiseleur (1) who irradiated in vitro some of 
these substances, which react specifically with peroxidases, and also by 
the work of Fox (2) on the inhibition by certain phenols of the depolymer- 
ization of polystyrolene in a chloroform medium. 


! Received for publication October 18, 1954. 
2 With the support of the Commissariat a l’Energie atomique. 
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Experiments on Mice Irradiated in Toto 


a) Technique.—The mice, both male and female, belonging to strain 
XVII, were 60 to 90 days old and weighed from 20 to 25 gm. at the time 
of the experiments. At varying times before exposure to X rays, 
the mice each received a single intraperitoneal injection of 0.5 ml. of a 
solution of the compound under study, in neutralized olive oil. In certain 
cases, such as those of pyrogallol, resorcinol, and pyrocatechol, the solvent 
was physiological saline. It was shown that an injection of this solvent, 
or of a sodium salt of a fatty acid (Na laurate), had no effect on the 
outcome of irradiation. 

X rays were given under the following conditions: 180 kv., 10 Ma., 0.3 
mm. Cu, 65 r per minute. The dose, measured in air by means of a 
Mekapion, at a distance corresponding to the central region of the animals, 
was 700 r (100% lethal in 12 days for strain XVII). For the purpose of 
irradiation the mice were enclosed, six at a time, in a specially designed 
plastic box. The noninjected controls were treated in exactly the same 
manner. 

b) Effects of polyphenolic compounds.—4-Acyls derived from pyrogallol 
(I) (3), pyrocatechol (II) and resorcinol (III) were used. 


OH OH OH 
| | | 
(‘0H on (* 
\ /-OH ) o> 
| | 
C=0 C=0 C=0 
I 1 1 
R R R 
(1) (1) (IIT) 


The results are given in table 1. One notices that the three polyphenols 
are inactive, but the acyls derived from pyrogallol have a definite pro- 


TABLE 1.—Tests for protective action of polyphenolic compounds against irradiation 




















Delay 
- between Survival - , 
ee ss ose injection rate on ate o 
Substances injected (mg./kg.) | and X ir- | the 30th | death 
radiation day* 
| (minutes) 
sD sy BEG wx matnatin scdig she sisi RO oI ae en 0/12 6-13 
a ee 165 15 0/6 5-10 
4-Caproyl-pyrogallol R=C;Hy........ 300 30 3/9 6-11 
4-Decanoyl-pyrogallol R=C,Hyy....... 400 60 5/12 11-23 
4-Lauroyl-pyrogallol R=C,,Ho3........ 450 30 4/10 11-24 
4-Behenoyl-pyrogallol R=CHg....... 750 45 4/10 11-21 
EEE 120 10 0/6 6- 9 
4-Palmitoyl-resorcinol R=C,;H3;....... 400 30 0/6 7-12 
_. PIRSA yo eae Sata = 10 0/6 6-10 
— = 00 45 1/10 8-16 
4-Behenoyl-pyrocatechol R=C.,Hy. . . i 750 30 0/12 6-13 





*Number surviving / number mice. 
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tective action when the lateral chain is a fatty acid with six or more 
carbons (Cs to Cy). 4-Behenoyl-pyrocatechol seems to have a slight 
protective action (table 2), which action we were unable to find in the 
case of 4-palmitoyl-resorcinol. 


TABLE 2.—Effective time interval 
between injection of 4-behenoyl- 
pyrogallol and X irradiation. 








Time between 3 
injection and ao 
X irradiation mete = 
(minutes) ay 
10 0/9 
30 2/10 
45 4/10 
60 1/6 
90 0/6 
150 0/6 








*Number surviving / number mice. 


c) Duration of the protective effect—To study this problem, 4-behenoyl- 
pyrogallol was used, with a uniform dose of 750 mg. perkg. (It is known 
that higher doses, injected 1 hour before irradiation, are toxic.) 

Results with other compounds have confirmed those obtained by the 
use of 4-behenoyl-pyrogallol. 

To conclude, it has not been possible, even with compounds with very 
long lateral chains, to obtain a protective effect lasting more than one hour. 


Experiments With Naphthol Derivatives 


Two acylated derivatives have been studied, 2-acyl-1-naphthol (I) and 
1-acyl-2-naphthol (IT) 





Vj 
C 
™*\ 
On 0 R 
\—C” A —OH 
| | ~ | 
| R 
Va VA 
I Il 


It is known that the OH of naphthol is more reactive than those of phenols 
or polyphenols. Fox (2) considers naphthols, 1-naphthol as well as 
2-naphthol (4), as very active protectors in vitro. 

The results obtained with these compounds, when used under the 
conditions mentioned above to prevent the death of irradiated mice, fit in 
well with the theoretical data (table 3). 
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TABLE 3.—Tests for protective action of naphthol derivatives against irradiation 














| | Time 

| | between | Survival - , 

—_ Dose injection | rate on ate o 

Substances injected (aglig)| end | the 90th | death 

X rays | day* 
(minutes) 

1-Behenoyl-2-naphthol R=CyHy...... 250 35 | 6/10 10-20 
2-Acetyl-l-naphthol R=C;,Hs......... 60 35 1/12 10-15 
2-Palmitoyl-1-naphthol R=C,sH3...... 160 30 0/6 7-12 
2-Stearoyl-1l-naphthol R=C,;H;;...... 200 30 | 1/6 | §-15 
2-Behenoyl-1-naphthol R=CyHy......| 200 | 30 | 2/6 | 818 





*Number surviving / number mice. 


Experiments With Other Complex Phenolic Derivatives 


It was hoped to strengthen the protective action of polyphenols by 
fixing onto their molecule some other substance endowed with a protecting 
ability, like indole (5,6). Thus, a series of derivatives of the trihydroxy- 
phenyl indole type were prepared. 


R 
i a ol 
| | 
_ LJ —OH 
Mw 
HO OH 


3-R 2-(2'-3'-4'-trihydrozyphenyl) indole 


No compound of this type showed any protecting activity. It has been 
impossible to ascertain whether these negative results were due to the 
fixation of the lateral chain onto the indole ring, or to the absence of a 
ketonic group on the polyphenolic ring. 


Experiments on Protection by Glucosides 


Baclesse and Loiseleur (7, 8) have shown, some years ago, that induced 
hyperglycemia in rabbits delays the loss of hair from their areas of 
irradiated skin and causes regrowth of the hair to begin sooner. Further- 
more, Loiseleur and Velley (9) noted that a high dose of glucose adminis- 
tered intraperitoneally to the rat has a radioprotective effect, and also 
that a mixture of cysteine, glucose and ascorbic acid, injected immediately 
after irradiation still affords a certain protective effect (10). 

As it has been mentioned that the presence of an amine group reinforces 
the radioprotective action of certain chemicals that have previously shown 
protective activity (11-21), one of us, in collaboration with Rosenberg (13) 
has tested the action of glucosamine. The experimental conditions were 
the same as those described above. The results, summarized in table 4, 


show that glucosamine possesses important protective properties against 
the lethal effects of radiation. 
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TABLE 4.—Test for protective action of glucosamine against irradiation 











Time between “ 
Substances Dose | injection and Dose —— rate 
(mg./kg.) irradiation (r) 30th d 6 * 
(minutes) ay 
| 

NI 3) ses a kc pbk aly oe ae ane am ae aio ea mate ate e 580 0/6 
SCOT a ree 250 5 580 6/6 
I aks we asain ows BEE Os ee a wae eae aes 700 0/10 
Se ee 300 5 700 8/16 
III oo once 5 ae ti pminieie 425 20 700 0/6 














*Number surviving / number mice. 


Neither glucose, fructose, hexose diphosphate, nor glutamic acid has 
shown the same activity as glucosamine when injected at a dose of 300 
mg. per kg. under the same experimental conditions. 

The fact that glucosamine, injected 20 minutes before irradiation, loses 
its protective action, leads us to think that this chemical is active by itself 
and not by means of its metabolites. 


Experiments on Biological Substitution With Embryonic-Liver Cells 


We owe to Lorenz and his co-workers (14-16) the knowledge that the 
intravenous injection of bone-marrow cells, immediately after whole-body 
irradiation of mice and guinea pigs, lowers the death rate and favors res- 
toration of hemopoietic tissues. 

On the other hand, workers from Maisin’s laboratory (17—20) have in- 
sisted on the importance of liver in the mechanism of radioprotection,* as 
this organ, more than any other, when protected by a lead screen during a 
whole-body irradiation, provides the largest survival time for the rats 
submitted to a lethal dose of X rays. 

Consequently one may think that the myeloid and hepatic factors that 
stimulate repair are both present at the same time in hemopoietic fetal 
liver. 


Experiments With Rats Receiving Whole-Body Irradiation 


Male Wistar-strain rats, weighing 200 gm., have received 725 r meas- 
ured in air with a Mekapion, at a point corresponding to the center of 
the body. The irradiation conditions were 180 kv., 10 Ma., 0.3 mm. Cu, 
70 cm. 

After a delay varying between 4 and 18 hours, these animals received 
0.5 ml. of a suspension of liver cells from fetal rats. The injections were 
given either intravenously or intraperitoneally. 

To prepare the cell suspension, the fetuses were taken aseptically from 
the uterus between the 13th and 21st day of gestation. The livers were 
ground in physiological saline buffered at pH 7.2, either in a Potter 
homogenizer with a piston made of plastic instead of the ordinary glass 
piston or in a small Erlenmeyer flask containing glass beads (21). The 


3In their latest paper (20) these authors have reversed their former stand and no longer admit that liver 
plays an essential part. 


Vol. 15, No. 4, February 1955 











920 LACASSAGNE, DUPLAN, AND BUU-HOI 


suspension was then filtered through cotton or gauze and the state of the 
cells was observed with a phase-contrast microscope. The final dilution 
was such that 1 ml. contained approximately 6 < 10° cells. All manipu- 
lations were carried out aseptically at a temperature of 4° C. 

It can be seen, from the results given in table 5, that the cell suspension 
given intravenously is much more active than that given intraperitoneally. 
On the other hand, the activity of embryo livers seems to correspond to 
the degree of development of the hemopoietic function, as seen on smears 
of the livers used to prepare the suspension. It has not been determined 
which type of blood cell must predominate in the fetal livers in order to 
obtain the most active suspension. 


TABLE 5.—Protective action of fetal liver cells against irradiation of rats 





Mode of | Number | Number 


Injected with of rats | of surviv- 





introduction | injected | ing rats 
Physiological saline (controls)...... =) intravenously..... 15 | 1 
| | 
Cell suspension of | 
13-14 day (whole fetus).... a . | 6 0 
Of livers from 16-day fetus. .. ee “6 6 1 
Of livers from 20-day fetus. . - " 6 4 
Of livers from 20-day fetus........ . intraperitoneally . . 6 0 





It would be interesting to see whether the livers from younger embryos 
give a better therapeutic result when greater numbers of cells are injected. 
Unfortunately, these types of experiments are limited either by the 
production of embolism when the suspensions grow too rich in cells, or 
by the overly large quantity of liquid that has to be injected if the con- 
centration of 6 10° cells per ml. is to be maintained. 


Summary 


The results of experiments on mice and rats receiving whole-body 
lethal doses of X rays are given. 

The protective effect of certain chemicals has been studied. An 
effective diminution of mortality and a prolonged survival time have been 
obtained with phenolic and naphtholic derivatives containing long chain 
fatty acids. If the injection takes place more than one hour before 
irradiation these chemicals afford no protection. Glucosamine adminis- 
tered a few minutes before irradiation also provides some degree of 
protection for the animals. 

Survival of rats receiving whole-body irradiation is increased by post- 
irradiation intravenous injection of an emulsion of liver cells from fetal 
rats. 
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Results of Exposure of Newborn Strain 
HR Mice to X Radiation *’ 


Marcaret K. Derincer and Econ Lorenz,’ 
National Cancer Institute, Bethesda, Md. 


Papillomas of the skin have been observed in a small number of un- 
treated haired (Hr/hr) and hairless (Ar/hr) animals of the HR strain and 
in 100 percent of such animals following painting with 20-methylcholan- 
threne (1). The present investigation was undertaken to ascertain 
whether the incidence of papillomas of the skin could also be increased 
with exposure to X radiation. 


Materials and Methods 


The HR stock of mice was obtained from Dr. F. G. Carnochan of Car- 
worth Farms in 1947. The animals have been inbred by brother X sister 
matings since their arrival in this laboratory. Animals of generations F, 
through F; were used in this experiment. The hairless females failed to 
give sufficient milk to rear their young so matings were made using haired 
(Hr/hr) females and hairless (hr/hr) males. The young were irradiated 
within 12 hours following birth (with the exception of 2 litters, one of which 
was irradiated within 24 hours and one within 48 hours following birth) 
with a total dose of 400 r to the whole body. The physical factors of 
irradiation were as follows: 186 KVP, 20 Ma., filtration with 0.25 mm. 
Cu and 0.55 mm. Al, distance from focus to middle of mouse 50 cm., rate 
62.4 r per minute, total dose 400 r. A total of 112 males (55 haired and 57 
hairless) and 122 females (57 haired and 65 hairless) were irradiated. 

The animals were housed in wooden cages, 8 animals to a cage, during 
the early months of the experiment but later were transferred to plastic 
cages. They were constantly supplied with Derwood food pellets and tap 
water. The animals were observed at weekly intervals. When they be- 
came moribund or died, autopsies were performed except for 72 animals (12 
haired and 21 hairless females, 14 haired and 25 hairless males) in which 
post-mortem autolysis had developed. These 72 animals were omitted 


! Received for publication September 28, 1954. 


? This manuscript was prepared, in part, while one of the authors (M. K. D.) was a Summer Investigator at the 
Roscoe B. Jackson Memorial Laboratory in Bar Harbor, Maine. 
3 Deceased February 12, 1954. 


* National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 
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from the data. The kidneys, testes, ovaries, uterus, and vagina were 
routinely taken for section. Sections were also made of any tumor or any 
unusual lesion observed at autopsy. The tissues were fixed in Fekete’s 
modification of Tellyesniczky’s fixative (70 percent ethyl alcohol, 20 parts; 
formalin, 2 parts; glacial acetic acid, 1 part) and stained with hematoxylin 
and eosin. 

Results and Discussion 


The types of tumors which were found in irradiated strain HR mice are 
listed in table 1.° Fifty-three of the irradiated males (32 hairless and 41 
haired) and 39 of the irradiated females (20 hairless and 19 haired) did 
not develop any tumors. The data on tumors found in untreated strain 
HR mice have been published previously (1) but are included in table 1 
for the purpose of comparison. Both the hairless and haired males of the 
irradiated groups died earlier than the females probably because of damage 
to the kidneys following accidental exposure to chloroform (2). Sixty-six 
of 73 males in the present experiment have shown calcification of the 
kidney cortex in varying degrees. The fact that the males died at an 
earlier age than the females, however, did not affect the conclusions of 
this study since in the comparison of irradiated groups with control groups 
the data of the males and those of the females were kept separate. Two 
different types of tumors were found in 2 hairless males, in 4 hairless 
females, and in 10 haired females; however, there was no significant associ- 
ation between the types found. In the males the associated tumors were 
a hepatoma and a hemangioendothelioma in each case. In the females 
the associated tumors were one of the 3 types of ovarian tumors and any 
one of the 8 types of tumors listed. One haired female developed a lympho- 
cytic neoplasm, a hemangioendothelioma, and an ovarian tumor. 

In the present experiment the incidence of papillomas of the skin was 
not greater in the groups exposed to 400 r X radiation than that in the 
untreated groups. However, the papillomas which appeared in the 
irradiated group did so at an earlier average age than in the untreated 
group. (The average for the irradiated group was 10.8 + 1.4 months 
and that for the untreated group was 19.0 + 2.21 months. The differ- 
ence between the two averages is statistically significant: P<0.02.) 
Squamous-cell carcinomas of the skin were observed in a small number of 
the irradiated hairless animals but were not observed in any of the irradi- 
ated haired animals. Following painting with 20-methylcholanthrene (1), 
all the animals of the HR strain developed papillomas, and transforma- 
tion of the papillomas to carcinomas occurred in approximately 75 per- 
cent of the painted animals. A significantly higher incidence of carci- 
nomas was found in the hairless than in the haired animals. The failure 
of X radiation to increase the incidence of papillomas differs from the 
effect of 20-methylcholanthrene. 

The principal observed effect of the exposure of strain HR females to 
400 r X radiation was damage to the ovaries. Twenty-two (15 haired 


‘ The author is indebted to Dr. Thelma B. Dunn, Pathologist of the National Cancer Institute, who confirmed 
the diagnosis of many of the lesions observed in the animals of this experiment. 
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and 7 hairless) of 89 irradiated females developed ovarian tumors 
(granulosa-cell tumors, tubular adenomas, and a luteoma), whereas only 
one (haired) of 49 untreated females developed these tumors. One, or 
both, of the ovaries of 11 of the irradiated females were composed largely 
of luteal-like tissue; in some of them downgrowths of the germinal epithe- 
lium were observed. The ovaries of 3 of the animals were reduced in 
size and contained a few immature but no mature follicles. The ovaries 
of the remaining irradiated animals were cystic. The cysts contained 
hemorrhagic fluid in some cases but in the majority of cases the fluid was 
clear. In a few of the cystic ovaries a small amount of ovarian tissue 
with marked epithelial downgrowths persisted at the margin of the cyst 
and in others papillary projections into the cysts were noted. 

An increase in the incidence of ovarian tumors fifteen times that of the 
controls was noted by Furth and Furth (4) in mice of stocks A, R, and S 
exposed to single or repeated doses of X rays ranging from 200 r to 400 r 
when 5 to 12 weeks old. Furth and Butterworth (5) have classified the 
ovarian tumors found following such exposures as granulosa-cell tumors, 
luteomata (regarded as a variety of granulosa-cell tumors), tubular 
adenomata, and such miscellaneous types as fibroma-like ovarian growth 
and papillary cystadenoma. These same types of ovarian tumors have 
been noted by various workers (6-9) in mice that had been exposed to 
radiation. Eschenbrenner (10) found the following types of tumors in 
LAF, hybrid mice following gamma irradiation: tubular adenomas, 
granulosa-cell tumors, luteomas, mixed tumors, and cystadenomas. 
The latter, though listed with the tumors, were not considered true 
neoplasms. All these types of ovarian tumors were seen in the ovaries 
of groups of LAF, hybrid females which had received total doses of 770 r 
and 880 r (11). 

Different histologic stages in the vaginal epithelium indicating an 
estrous cycle were noted microscopically in some of the irradiated strain 
HR females. Parkes (12) stated that “all the normal cyclic phenomena 
can occur in animals in which the Graafian follicles of the ovary have 
been totally destroyed at an early age by exposure to x-rays, and can 
occur in the absence of organized corpora lutea and Graafian follicles.” 
A similar persistence of estrous stages was noted in LAF; hybrid female 
mice receiving total doses of 770 r and 880 r (11). 

Comparable with the effects on the ovaries of female mice of the HR 
strain, the principal effect of exposing males to 400 r was damage to the 
testes. In most of the animals, the testes were reduced in size. In 
almost all cases there was destruction of some of the seminiferous tubules 
and in some cases all of the tubules were damaged with only Sertoli cells 
remaining around the periphery of the tubules. In those tubules in which 
spermatogenesis persisted, the number of mature spermatozoa was usually 
reduced. These observations are consistent with those of Eschenbrenner, 
Miller, and Lorenz (13), who found a decrease in the spermatogenic 
elements in the testes of irradiated LAF, hybrid mice. Exposure to 8.8r 
daily for 6 months or more resulted in failure to complete spermato- 
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genesis, associated with a degeneration of Sertoli cells. The degenerating 
Sertoli cells were seen in masses in the lumen of the tubules. Such 
masses of cells were observed in some of the tubules in a few of the males 
in the present experiment. Eschenbrenner and Miller (10) found that 
the tubules were lined almost entirely by Sertoli cells in LAF, hybrid 
mice exposed to 8.8 r per 8-hour day and receiving total doses of 2,400 r. 

Another observation in the irradiated strain HR mice was a lesion having 
some of the histologic features of periarteritis nodosa in the walls of the 
blood vessels in the testes. The endothelial lining cells were generally 
missing, and the vessels were lined and partly obstructed by an amorphous, 
eosinophilic, fibrinoid material. This appeared in 14 of the 70 males 
from which sections of the testis were available. 

Lesions of the lens and retina, similar in many respects to those observed 
by Lorenz and Dunn (/4) in the eyes of irradiated strain A mice, were 
observed in the eyes of the strain HR mice. 


Summary 


A total dose of 400 r X radiation failed to increase the incidence of 
papillomas of the skin in strain HR mice, but a decrease in the average 
age of appearance of the papillomas was noted. A few squamous-cell 
carcinomas were observed in the irradiated hairless (hr/hr) animals. 

The number of ovarian tumors was increased in irradiated strain HR 
females as compared with that in control females. 


Damage to the ovaries and testes of the strain HR animals was the 


principal result of the exposure to a total dose of 400 r X radiation within 
12 hours following birth. 
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Fertility and Tumor Development in 
(C57L X A)F, Hybrid Mice Receiving X 
Radiation to Ovaries Only, to Whole 
Body, and to Whole Body with Ovaries 
Shielded’! 


Marcaret K. Derincrer, Econ Lorenz,? and 
De.tta E. Upnorr, National Cancer Institute,’ 
Bethesda, Md. 


Studies on the breeding behavior of LAF; hybrid mice exposed to long- 
continued total-body gamma irradiation have shown that female mice 
exposed to 770 and 880 r at rates of 8.8r per 24-hour day, 4.4 r per 24-hour 
day and 8.8 r per 8-hour day exhibited sterility effects, with some of the 
animals completely sterile and with others producing litters of reduced 
size. Female mice exposed to 550 r at the rate of 4.4 r per 8-hour day bred 
but with reduced litter size (1). In order to extend these observations the 
present study on the breeding behavior of mice following X radiation to 
the ovaries only, to the whole body, to the whole body with ovaries 
shielded, and to the whole body with ovaries and spleen shielded has been 
made. The production of ovarian tumors following irradiation has been 
observed by numerous investigators (1-6). Whether such tumors are a 
result of a systemic effect of whole-body irradiation, or an effect on the 
ovaries only, or a combination of the two has been investigated (7-9) with 
various conclusions. An attempt has been made in the present investiga- 
tion to add further information concerning the mechanism of the produc- 
tion of ovarian tumors following irradiation. 


Materials and Methods 


Genetically homogeneous (C57L X A)F; hybrid mice (formerly referred 
to as LAF, hybrid mice) were used as the experimental animals. These 
animals are first-generation hybrids between strain C57L females and 
strain A males. They are vigorous, long-lived animals and have a long 
breeding period producing as many as 10 to 14 litters in some cases. 

Groups of female mice, consisting of 9 or 10 animals, were exposed at 
2 months of age to total doses of 400, 300, 200, 100, 50, 25, and 12.5 r X 
radiation to the ovaries only, in one series, and to the whole body in 
another. An additional group was exposed to a total dose of 500 r to the 
ovaries only and two additional groups of 10 each were exposed to the 50 r 


1 Received for publication October 13, 1954. 
* Deceased February 12, 1954. 
3 National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 
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dose. The animals, receiving X radiation to the ovaries only, were pro- 
tected during irradiation by a lead plate with a narrow slit that allowed 
exposure of the ovaries. The physical factors of irradiation were as fol- 
lows: 186 KVP, 20 Ma., filtration with 0.25 mm. Cu and 0.55 mm. Al, 
distance from focus (single tube) to middle of mouse 50 cm., rate 60.4 r 
per minute. The exposed females were mated to untreated males imme- 
diately after irradiation. A group of 30 untreated females, which were 
mated to untreated males at 2 months of age, were maintained concur- 
rently with the experimental animals. 

In a group of 21 female (C57L X A)F;, hybrid mice, the ovaries were 
surgically exteriorized and shielded by lead shields while the animals 
received a total dose of 400 r X radiation. A description of the ovary 
shield employed in these experiments and the technique for exteriorizing 
the ovary has been published by Wang (10). In a second group of 22 
female mice, the ovaries and spleen were surgically exteriorized and put 
into lead shields while the animals received a total dose of 900 r X radia- 
tion. This technique is similar to that used by Jacobson and his associates 
(11), who were the first investigators to study recovery from irradiation 
injury utilizing the technique of spleen-shielding with lead following sur- 
gical exteriorization of the spleen. The physical factors of irradiation 
were as follows: 186 KVP, 20 Ma.., filtration with 0.25 mm. Cu and 1.06 
mm. Al, distance from focus (two tubes) to middle of mice 54 cm., rate 
99 r per minute. The animals were allowed to recover from the effects of 
the operation before being mated. Consequently, the irradiated females 
were not mated to untreated males until 10 days following irradiation. 
In a control group of 22 mice the ovaries were surgically exteriorized and 
put into the lead shields for 5 minutes (a period of time comparable with 
that which elapsed during the exposure to X radiation) but without X 
radiation. The same procedure was followed for a control group of 21 
mice in which the ovaries and spleen were put into the lead shields for 5 
minutes without X radiation. Ten days later these two groups were 
mated to untreated males. 

The animals were housed in wooden cages during the early months of 
the experiment but later were transferred to plastic cages. They were 
constantly supplied with Derwood food pellets and tap water. In all 
irradiated and control groups, the mice were subjected to a continuous 
breeding program wherein the females were isolated when pregnant and 
returned to the males at the weaning of each litter. When the animals 
became moribund or died, autopsies were performed, except for 24 animals 
in which extensive post-mortem autolysis had developed. The kidneys, 
testes, ovaries, uterus, and vagina were routinely taken for sectioning. 
Sections were also made of any tumor or any unusual lesion observed at 
autopsy. The tissues were fixed in Fekete’s modification of Tellyes- 
niczky’s fixative (70 percent ethyl alcohol, 20 parts; formalin, 2 parts; 
glacial acetic acid, 1 part) and stained with hematoxylin and eosin. 
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Results and Discussion 


The breeding results for the (C57L X A)F, hybrid mice receiving 
various total doses to the ovaries only and to the whole body are given 
in table 1, where it can be seen that at doses above 200 r, no female had 
more than one litter regardless of the site of irradiation. At the two 
lowest doses no abnormality in the breeding behavior was apparent. At 
intermediate doses the effect varied with the dosage and site of irradiation 
and was greatest in the case of whole-body irradiation. Females receiving 
total doses of 500, 400, and 300 r to the ovaries only produced one litter 
and were sterile thereafter. The average litter size in each group was 
reduced as compared with the average size of first litters of the untreated 
mice. Females receiving total doses of 200, 100 and 50 r to the ovaries 
only, produced multiple litters with the average size of the litters some- 
what reduced as compared with that of the controls. The female mice 
which received total doses of 400, 300, 200, and 100 r to the whole body 
produced only one litter, the size of which was reduced in all groups, 
except in the 100 r group, as compared with the average size of first litters 
of the untreated animals. In the two groups receiving 50 r to the whole 
body, several litters were produced but all except the first litters were 
reduced in size. The groups receiving 25 and 12.5 r to the ovaries only 
and to the whole body bred comparably with the untreated group. 

The breeding results obtained in the (C57L X A)F, hybrid mice re- 
ceiving total doses of 400 r with the ovaries shielded and total doses of 
900 r with the ovaries and spleen shielded are given in table 2. The 
animals receiving 400 r were not different from the control group in which 
the ovaries were put into the lead shields for 5 minutes without irradia- 
tion, whereas those receiving 900 r produced litters of slightly reduced 
size as compared with the control group in which the ovaries and spleen 
were put into the shields for 5 minutes without irradiation. 

Graying of the hair, which has been described previously (12-14), was 
observed in the irradiated animals receiving total doses of 300 r and 
above in this experiment. There was a narrow band of gray hair on the 
back over the region of the ovaries in the females in which only the ovary 
was irradiated. Diffuse, irregularly-distributed graying of various de- 
grees was observed in the animals which received X radiation to the whole 
body. 

The principal effect of the X radiation was the damage to the exposed 
ovaries which resulted in tumors in the females receiving the higher 
doses. The incidence of ovarian tumors in the irradiated females is given 
in table 3. Other types of tumors were found to occur in irradiated and 
untreated female (C57L X A)F; hybrid mice. These tumors did not 
occur in numbers sufficient to establish an induction effect of the irradia- 
tion. The data on these lesions are presented in tables 4 and 5.* The 
terminology used for neoplasms of the reticular tissue follows the classi- 
fication outlined by Dunn (15). 


4 The authors are grateful to Dr. Thelma B. Dunn, Pathologist of the National Cancer Institute, who con- 
firmed the diagnosis of many of the lesions observed in the animals of this experiment. 
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TABLE 1.—Average litter size born to (C57L XK A)F, hybrid females 






























































| Total 
Dose |Site of exposure — Average litter size for successive litters* 
diated 

| Ovaries only. . 10 4. 4(9) 

Ovaries only..| 10 5. 4(10) 
MES cévxec 

Whole body... 10 4. 3(9) 

Ovaries only..| 9 | 5. 9(9) 
| ee 

Whole body... 9 4. 8(9) 

Ovaries only. . 10 6. 5(10)| 6. 6(5) | 9.0(4) | 8. 2(4) | 7. 2(4) 
yp RE re 

Whole body...) 9 | 6. 6(8) | 

Ovaries only. . 10 6. 0(10)| 6. 4(8) | 8 5(8) | 8. 0(8) | 8. 0(8) 
| re | 

Whole body...| 10 | 8.0(8) 

Ovaries only. . 10 | 8. 2(10)| 7. 8(10)| 6. 1(10)) 5. 9(9) | 7. 0(6) 
50r Group 1. 

Whole body...| 10 | 8. 0(10)| 2. 7(10)} 3.0(3) | 4.0(2) | 2.0(1) 

Ovaries only..| 10 | 8. 1(10)| 7. 0(9) | 8. 7(6) | 7. 0(6) | 5. 8(5) 
50r Group 2. 

Whole body... 10 8. 1(10)} 1. 5(2) 
- Ovaries only. . 10 9. 3(10)|} 9. 6(10))10. 1(10)} 9. 5(10)} 9. 3(9) 

Mm Beccccone 

Whole body... 10 | 8. 8(10))10. 3(10)|10. 0(10)) 8. 6(10)) 9. 6(9) 

Ovaries only. . 10 8. 5(10)} 9. 1(10)} 9. 7(10))10. 3(10)} 9. 6(10) 
12.5r 

Whole body... 10 8. 4(10)| 9.3(10)) 9. 8(10)} 9. 3(10)) 9. 1(8) 
MPI, oho ks ce hese os 30 7. 8(30)| 9. 7(30)|10. 3(30)| 9. 4(30)| 9. 8(29) 



































*The figures in parentheses indicate the number of mothers contributing to the averages shown. 


TABLE 2.— Average litter size born to (C57L X A)F; hybrid females 

















Total 
num- : . 
, Average litter size for 
Dose Organ shielded A. J saccensive litters ® 
ated 
NE on: cd anche ates ere i ee 21 6. 2(21) | 7. 8(21) | 7. 0(20) 
BE ac ceca nein deeaaen Ovaries and 22 4.4(20) | 4.8(18) | 4. 7(18) 
spleen. 
Untreated ............4: Ovaries........ 22 | 6.4(22) | 7.5(21) | 7. 7(21) | 
IN nw ccuuleesenes Ovaries and 21 6. 0(20) | 6. 3(20) | 5. 8(20) 
spleen. 























* The figures in parentheses indicate the number of mothers contributing to the averages shown. 


Journal of the National Cancer Institute 














RADIATION EFFECTS IN HYBRID MICE 935 


receiving X radiation to the ovaries only and to the whole body 





Average litter size for successive litters*—Continued 




















4.2(4) | 5.0(1) | 6.0(1) | 5. 0(1) 








6.4(7) | 6.1(7) | 6. 8(5) | 3.3(3) | 4 0(2) 








7.0(5) | 5. 8(5) | 6. 0(2) 








5. 5(2) | 8.0(2) | 7. 0(1) | 2.0(1) 
































10. 4(7) | 8.3(6) | 5.0(5) | 65(2) | 8 0(1) | 3.0(1) 
| 5. 6(8) | 7.4(5) | 4.5(4) | 3.0(1) | 2.0(1) 
10. 4(10)| 8. 7(10)| 6. 1(9) | 5.3(9) | 4.0(3) | 2. 0(2) 
8. 1(8) | 8.0(8) | 7.1(6) | 6 7(3) 
| 9. 1(29)| 8. 9(26)| 7. 6(22)| 6. 0(21)| 4. 5(17)} 2.9(9) | 2.0(1) | 5.001) | 2.0(1) 


























receiving X radiati on with ovaries shielded and with ovaries and spleen shielded 





Average litter size for successive litters *—Continued 











| 7.3(19) | 6.8(15) | 65(12) | 5.1(7) | 3.2(4) 1. 0(1) 
4.4(18) | 3.3(11)| 24(9) | 3.0(4) | 4.5(2) 3. 0(1) 
6.7(20) | 7.1(18) | 69(16) | 6.8(11) | 6 4(8) 3. 8(4) 





5. 6(20) 5. 6(19) 5. 2(19) 5. 1(16) 4. 0(11) 5. 0(5) 3. 0(1) 
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TABLE 3.—Incidence of ovarian tumors in irradiated and control (C57L X <A)F, hybrid 
mice 





| Mice with ovarian 

















° Total Average stasrmeneind 
reatment number age at | Aven 
- | ge 
of mice death | eo age at 
death 
| 
Months | Months 

500 r ovaries Only..........-ccccess 9 16. 8 9 16. 8 
400 r ovaries only.................. 8 17.8 | 8 17.8 
AO er ee 8 21.4 | 8 21. 4 
ob er 9 17. 4 | 9 17. 4 
OO | Rr er 8 19.3 | 8 19.3 
ON OI iiikic eck c cave eewces 8 19. 9 4 22. 5 
200 r whole body................. 9 19.0 | 9 19. 0 
ob | See | 10 21.2 | 3 21. 6 
er rrr 10 23.3 | 9 |} 24.9 
ee | eer ee 18 19.2 | 5 | 24.6 
RTC Tre Tre 17 18.9 | 12 | 21.3 
| FEE Cr OCTET 10 17. 0 0 
tS WN NE « entixvcdncewecnea dies 10 19. 4 | 0 a 
12.5 r ovaries only................. 10 21.5 | 0 | — 
Dee WD HO ov ccncccccesesecees 10 16.4 | 0 | —_— 
ace rg an ch wb 24 21. 6 0 — 
Ovaries shielded + 400r........... 19 17. 5 0 — 
Ovaries and spleen shielded + 900 r. 21 14. 5 0 — 
a rere 21 19. 3 0 — 
Ovaries and spleen shielded......... 20 21.9 | 0 — 





TABLE 4.—Types of tumors found in irradiated and control female (C57L X A)F, hybrid 
mice 





| | |Mice with tumor 
| Total |Average! 





























Dose |number| age at | Type of tumor — | Average 
|of mice| death | | ber | age at 
death 

Months | Months 
500 r ovaries 9 me acs are Sigs chide aanattocea 1 22. 0 
only. Pe OI ke 5c iceesccad 1 17.0 
400 r ovaries 8 17.8 | Pulmonary tumor............... 2 17. 5 
only. 
400 r whole ee So as zx 22. 0 
body. Tumor of adrenal medulla........ 1 22. 0 
Lymphocytic neoplasm...........| 1 20. 0 
Unusual uterine tumor........... 1 22. 0 
Pulmonary tumor... ........0..- | + 21.5 
300 r ovaries | 9 17. 4 | Tumor of adrenal cortex..........| 1 18. 0 
only. | 
300 r whole 8 19.3 Reticulum-cell neoplasm—Type A. 1 16. 0 
body. | Reticulum-cell neoplasm—Type B. 1 20. 0 
i kg, eer 1 16. 0 
Adenocarcinoma of uterus........ 1 22. 0 
Pulmonary tumor............... 2 20. 5 
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TABLE 4.— Types of tumors found in irradiated and control female (C57L X A)F; hybrid 


mice—Continued 








Total |Average 


Mice with tumor 


















































Dose number) age at Type of tumor _— Average 
of mice| death her age at 
death 

Months Months 
200 r ovaries 8 Se Fe, . sareconccceswseeen 1 27. 0 
only. Lymphocytic neoplasm........... 1 26. 0 
Fibrosarcoma (in region of mesen- 1 11.0 

teric node). 

Pulmonary tumor. .........<.c0sses 3 24.0 
200 r whole 9 19.0 | Reticulum-cell neoplasm—Type A. 2 16. 0 
body. Pulmonary tumor............... 3 20. 6 
Mammary gland tumor (Type C).. 1 18. 0 
100 r ovaries 10 21.2 | a 5: orld dion ark wh Weicds a ema 1 19. 0 
only. Reticulum-cell neoplasm—Type B. 2 21. 5 
Fibromyoma of uterus........... 2 23. 0 
Pulmonary tumner. . ......6..6<-08s: 2 18. 0 
Subcutaneous tumor (fusiform cell) 1 23. 0 
100 r whole 10 Et oo cede omc ceaccin es 2 33. 5 
body. Tumor of adrenal medulla........ 1 23. 0 
Reticulum-cell neoplasm—Type B. 7 23. 7 
bs, Le er 1 21.0 
Adenocarcinoma of uterus........ 1 24. 0 
Pulmonary tumor............... 2 28. 0 
Mast-cell tumor (subcutaneous)... 1 23. 0 
50 r ovaries 18 ee ee ne are 2 24.0 
only. Reticulum-cell neoplasm—Type B. 5 23. 4 
Fibrosarcoma (subcutaneous)..... 1 23. 0 
Pulmonary tumor... .....0..086- 4 23. 0 
50 r whole 17 DD | ovo ss crac ceecarees 2 20. 0 
body. Reticulum-cell neoplasm—Type B. 4 21.8 
Fibrosarcoma (subcutaneous)..... 1 19.0 
Pulmonary tumor............... 8 19.8 
Squamous-cell carcinoma of skin. . 1 8.0 
Undiagnosed tumor of lymph node. 1 20. 0 
25 r ovaries 10 17.0 | Reticulum-cell neoplasm—Type B. 1 21.0 
only. Fibromyoma of uterus........... 2 23. 5 
Pulmonary tumor... ..0...cccce; 2 19. 0 
25 r whole 10 19.4 | Reticulum-cell neoplasm—Type A. 1 20. 0 
dy. Reticulum-cell neoplasm—Type B. 2 22. 0 
Parmmonery GMP... ..ccccacees 3 23. 3 
12.5 r ovaries 10 21.5 | Anaplastic carcinoma of liver..... 1 24.0 
only. Lymphocytic neoplasm........... 2 21.0 
Reticulum-cell neoplasm—Type B. 1 22. 0 
PUMMOMEEy GUMIOP. . 6. os ecccees 6 21.8 
12.5 r whole 10 Se FT as viceico ce desis nawen 1 24.0 
body. Fibromyoma of uterus........... 1 19.0 
Fibrosarcoma of uterus........... 1 15. 0 
Pulmonary tumor... .........+0.: 5 15. 4 
Untreated. 24 De © kines oectase ca wectes aus 3 22.3 
Reticulum-cell neoplasm—Type B. 6 23. 3 
Pulmonary tumor... ..........00s¢ 12 21.8 
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TABLE 5.—Types of tumors found in (C57L X A)F, hybrid females receiving 400 r 
total-body X radiation with ovaries shielded, 900 r total-body X radiation with ovaries 
and spleen shielded, and in controls 























Mice with 
Total | Aver- tumors 
num- age 
Treatment ber of | age at Type of tumor Sem Average 
mice | death . ber | 28e at 
death 
Months Months 

Ovaries 19 ee eo oon donasawenie 3 20. 0 
shielded Lymphocytic neoplasm........... 1 8.0 
+ 400 r. Reticulum-cell neoplasm—Type A. 2 21.0 

Reticulum-cell neoplasm—Type B. 5 23. 6 
PR CR 6 antnicecanvews 1 25. 0 
Fibrosarcoma of uterus........... 1 24. 0 
PuMmOmery GUMIOT. ... o.oo. ccccses 8 23. 0 
Mammary tumor (1 miscellaneous, 2 9.5 
1 molluscoidal). 
Squamous-cell carcinoma of skin... 1 13. 0 
Malignant lymphoma (cell type 1 22. 0 
undetermined). 

Ovaries and 21 14.5 | Reticulum-cell neoplasm—Type B. 1 18. 0 
spleen Pulmonary tumor... .....s0.c00- 1 10.0 
shielded Mammary tumor (Type C)....... 1 3%. 
+ 900 r. 

Ovaries 21 Be AE ree 3 23. 0 
shielded Reticulum-cell neoplasm—Type A. 1 28. 0 

Reticulum-cell neoplasm—Type B. 2 17.5 
Fibromyoma of uterus........... 1 28. 0 
Pulmonary tumor. ......0s2c000. 4 20. 5 

Ovaries and 20 Be I gion co aca neds eabee na wen 1 31.0 
spleen Reticulum-cell neoplasm—Type A. 2 19.5 
shielded. Reticulum-cell neoplasm—Type B. 4 22. 2 

Pulmonary tumor. ........2..00- 6 25. 2 
Squamous-cell carcinoma of skin. . 1 16.0 























Ovarian tumors occurred bilaterally in all of the animals (for which 
histologic sections were available) receiving total doses of 500, 400, and 300 
r to the ovaries only and total doses of 400, 300, 200, and 100 r (except 
for one animal) to the whole body including the ovaries. In most cases 
the ovarian tumors were mixed tumors. Granulosa-cell tumors, luteomas, 
and tubular adenomas have been observed singly and in combinations 
of all of the three types. Often one or two of these types were seen in 
combination with cysts filled with clear fluid, with cysts filled with bloody 
fluid, with cysts containing papillary projections, or with papillary 
cystadenomas. Ovarian tumors were observed in some of the females 
receiving 200, 100, and 50 r to the ovaries only and in females receiving 50 
rto the whole body. The ovaries in the remaining animals of these groups 
were reduced in size, composed largely of luteal-like tissue, with occasional 
growing follicles, and with marked downgrowths of the germinal epi- 
thelium. Occasionally the ovary had been replaced by a cyst. No 
ovarian tumors were observed in any of the females receiving 25 and 12.5r 
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to the ovaries only and to the whole body. The ovaries of these animals 
were normal in appearance in some cases, in others they were generally 
reduced in size but with growing follicles present. In some cases mature 
follicles were observed. Downgrowths of the germinal epithelium were 
sometimes observed and in some cases the ovaries were cystic. This was 
similar to control mice where these same observations have been made in 
the untreated females and in all the animals (for which sections were 
available) in the shielding experiment. 

Infiltration of mast cells into the ovarian tumors has been observed 
in some of the animals receiving total doses of 500, 400, 300, 200, 100, 
and 50 r to the ovaries only and in some of the animals receiving total 
doses of 400, 300, 200, 100, and 50 r to the whole body. It was also 
observed in the ovaries of two of the animals receiving a total dose of 
25rtothe whole body. Bali and Furth (16) found mast cells in a number 
of neoplasms, among which were both spontaneous and transplanted 
luteomas; however, they failed to find mast cells in granulosa-cell tumors. 

A lesion, similar to periarteritis nodosa, was observed in the blood 
vessels of the ovary in a few females receiving total doses of 25 r to the 
ovaries only, 25 and 12.5 r to the whole body and in females receiving total 
doses of 900 r with ovaries and spleen shielded: This lesion has recently 
been observed in the blood vessels of the testes of strain HR mice which 
received a total dose of 400 r X radiation following birth (17). 

Adenomyosis, a condition observed by Christy, Dickie, Atkinson, and 
Woolley (18) in the uteri of virgin and castrate reciprocal F, hybrid 
females between strains DBA and CE, was observed in the uteri of some of 
the animals receiving total doses of 500, 300, and 50 r to the ovaries only, 
total doses of 400, 200, 100, and 50 r to the whole body, and in one animal 
receiving a total dose of 900 r with ovaries and spleen shielded. 

In some of the females of all of the irradiated groups the existence of an 
estrous cycle was indicated by various histologic stages noted microscop- 
ically in the vaginal epithelium. A similar observation was made in 
strain HR females receiving 400 r immediately following birth (17) and 
in LAF; hybrid mice receiving total doses of 770 and 880 r (1). Parkes 
(19) has observed that all normal cyclic manifestations of estrus except 
ovulation can occur in animals in which the follicles have been destroyed 
by X rays and in which follicles and corpora lutea are absent. In animals 
in which the existence of an estrous cycle was not observed, the vaginal 
epithelium was atrophied in some cases and in others mucinous cells were 
present. 

Summary 


Female (C57L X A)F;, hybrid mice in which the ovaries only were ex- 
posed to total doses of 300 to 500 r produced one litter and were sterile 
thereafter. Litter size was reduced as compared with that of untreated 
mice. 

Females in which the ovaries only were exposed to total doses of 50 to 
200 r produced multiple litters of litter size somewhat less as compared 
with untreated mice. 
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Females receiving total doses of 100 to 400 r to the whole body produced 
only one litter with reduced litter size, except in the 100 r group, as com- 
pared with untreated mice. 

Females receiving total doses of 12.5 to 50 r to either site produced 
multiple litters of comparable size with the untreated animals in the 12.5 
and 25 r groups but with reduced litter size, as compared with the un- 
treated animals in the 50 r groups. 

The breeding behavior of animals receiving 400 r with the ovaries 
shielded was similar to that of the control group. In animals receiving 
900 r with the ovaries and spleen shielded the average litter size was 
slightly reduced as compared with that of the controls. 

Ovarian tumors occurred in all the animals receiving total doses of 300 
to 500 r to the ovaries only and total doses of 100 to 400 r to the whole 
body, and these tumors also occurred in some of the females receiving 
total doses of 50 to 200 r to the ovaries only and in some of those receiving 
a total dose of 50 r to the whole body. 

The greatest effect of X radiation was noted when animals received 
irradiation to the whole body, a lesser effect when ovaries only were irra- 
diated, and the least effect when the whole body was irradiated with the 
ovaries shielded. Although the greatest effect was obtained when the 
whole body was irradiated, it was necessary that the irradiation include 
the ovaries. No effect was apparent when the whole body excluding the 
ovaries was irradiated other than that which could be ascribed to the 
operation itself. 
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Comparison of Thyroid Lobes, Auto- 
transplanted and In Situ, in the Rat: 
Growth and I * Uptake’ 


Seymour H. Wouiman and Rossrt O. Scow,? 
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Arthritis and Metabolic Diseases, Bethesda, Md. 


Thyroid tissue can be successfully transplanted to a variety of sites in 
many species. There is much evidence that the transplanted tissue 
retains many of the physiological properties of normal thyroid tissue. 
The transplanted tissue responds to stimulation by thyroid stimulating 
hormone (1, 2) or by goitrogen feeding (3, 4). It can also accumulate 
injected radioiodide (2, 5-11). 

However, there have been few reports of quantitative comparisons of 
transplanted normal thyroid tissue and thyroid tissue in situ with respect 
to functional activity (2) and growth in response to stimuli. The results 
of a limited investigation of these questions will be reported in this paper. 


Materials and Methods 


Autotransplantation.—Transplantation of thyroid tissue was performed 
on 1- or 2-day-old male Sprague-Dawley rats while under refrigeration 
anesthesia (12). When thyroid tissue was removed from the trachea, 
bleeding was controlled by use of a small electric cautery. When a single 
lobe was removed it was separated from the other lobe by dividing the 
isthmus in the midline. The tissue to be transplanted was inserted 
subcutaneously along the left lateral thoracic artery near the subcostal 
margin in the animal of origin. The left lobe alone was usually trans- 
planted, although in a small number of animals the right lobe or both 
lobes were transplanted. The rats in each litter were randomized among 
the above three groups and an additional group in which both thyroid 
lobes were left in situ. After being warmed to room temperature, the 
rats were returned to their mothers. During the second week the number 
of rats in each litter was reduced to six. Rats were weaned at 30 days of 
age. 

Diet.—All rats, including the mothers, were fed a lactating diet ad libitum 
(13). Propylthiouracil (2 gm./kg.) was added to the diet fed to certain 


1 Received for publication October 12, 1954. 
2 We are grateful to Franklin E. Reed for technical assistance. 
§ National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 
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groups starting at 30 days of age. Three days before the radioiodine 
uptake studies, the propylthiouracil was removed from the diet. 
Hypophysectomy.—Hypophysectomy was performed on some groups of 
animals when they were 30 days old. Completeness of extirpation was 
ascertained by visual inspection of the region of the sella turcica for 
pituitary fragments using a binocular microscope at 9X magnification. 
At 30 or 47 days of age, rats were given intraperitoneal injections of 
10 ue. of carrier-free radioiodide* in one-half ml. of distilled water. Two 
hours later, each rat was anesthetized with ether and exsanguinated. The 
thyroid lobes were excised separately, weighed and put into sample tubes 
containing formalin-Zenker. The I'* content of each lobe was measured 
using a well-type Geiger tube. Histologic sections were obtained at five 
representative levels from both thyroid lobes in half the rats in each group. 


Results 


Body weights.—In rats in which one or both thyroid lobes were auto- 
transplanted to a subcutaneous site body weights were not different from 
those of rats in which both lobes were left in situ (table 1). 

Thyroid weights—When both thyroid lobes were in situ the left lobes 
weighed the same or only slightly less than the right lobes. When one 
lobe was autotransplanted, it weighed only 0.3 to 0.5 as much as the lobe 
in situ. If both lobes were transplanted the total weight of the lobes was 
greater than twice the weight of the transplanted lobe in the group in 
which only one lobe was transplanted. In hypophysectomized rats both 
lobes in situ and transplanted lobes atrophied slightly. After 2 weeks of 
propylthiouracil feeding both autotransplants and lobes in situ were en- 
larged to 3.5 to 4 times those of the corresponding groups fed the stock diet 
(table 1). 

Thyroid histology.—In all cases autotransplants were histologically in- 
distinguishable from thyroid lobes in situ in the same host. They ex- 
hibited flattened epithelial cells after hypophysectomy, and hyperplasia 
and hypertrophy with resorption of colloid after propylthiouracil feeding. 
No histologic evidence of necrosis was found in any transplant. Para- 
thyroids persisted in the transplants as previously described by Ingle and 
Cragg (14). 

Radioiodine uptake-—The uptake of radioiodine per mg. of thyroid 
tissue was the same for both lobes in situ in normal and propylthiouracil- 
fed rats, and slightly less for the left lobe than the right in the hypophy- 
sectomized rats. An autotransplanted lobe differed from a lobe in situ 
generally by less than 10 percent, except for the three hypophysectomized 
rats in which the autotransplanted lobe averaged 25 percent higher than 
the lobe in situ (table 1). 

Discussion 


The present results indicate no significant difference between thyroid 
lobes in situ and lobes which were autotransplanted to a subcutaneous site. 


4 The I'3! was obtained from the Oak Ridge National Laboratory, Oak Ridge, Tenn. 
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Thyroid lobes at both sites in the same rat grew to the same extent in re- 
sponse to propylthiouracil feeding; the uptake of radioiodine per mg. of 
tissue or the serum radioiodide clearance per mg. of tissue (15) was almost 
the same for the autotransplants and the lobes in situ (table 1). The 
present results appear to differ slightly from some preliminary observa- 
tions (16). The difference may have occurred because too few rats were 
used in the preliminary experiments or, perhaps, because the I uptake 
was measured at 24 and 48 hours after radioiodide injection in the pre- 
liminary experiments instead of at 2 hours. In agreement with other 
investigations (17, 18), when both lobes were autotransplanted the rats 
grew at the same rate as intact rats, indicating an approximately normal 
rate of thyroxine production in the autotransplants. 

It has been found that transplantable thyroid tumors differ from 
thyroid gland in the same mouse by growing faster than thyroid gland in 
response to thiouracil feeding and by clearing less radioiodide from the 
blood per unit weight of tissue (16). The present results in the rat sug- 
gest that the above changes are inherent in the tissue and are probably 
not due to the location of the tumor transplants in an ectopic site. 

The transplanted lobe was always smaller than the lobe in situ. This 
size difference may be a consequence of some necrosis in the transplant 
shortly after transplantation. Such partial necrosis followed by early 
regeneration and recovery has been observed repeatedly by others (4, 6, 
14, 19, 20). 


Summary 


A comparison was made of growth characteristics and radioiodide up- 
take of autotransplanted thyroid lobes and lobes in situ in the same rats. 
Although autotransplanted lobes were always smaller than lobes in situ 
their clearance of radioiodide from the blood was not significantly different 
per unit weight of tissue. No significant difference was found in their 
response to hypophysectomy or propylthiouracil feeding. 
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Some Biological Aspects of the Factor 
in Bone Marrow Responsible for Hem- 
atopoietic Recovery Following Sys- 
temic Irradiation” * 
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NaGarepa, Saran K. Hocustetier, WILLIAM 
G. FaracHan, Paut Tocu, and Henry S. 
Kapuan, Department of Radiology, Stanford Uni- 
versity School of Medicine, San Francisco, Calif. 


The work of Jacobson and his group (1-3), Lorenz and his colleagues 
(4-7), Cole et al. (8), the authors (9-11), and others (12, 13) has clearly 
established the existence of an unidentified material in bone marrow and 
spleen which prevents postirradiation death in mice and rabbits and in- 
hibits the later development of radiation-induced lymphoid tumors in 
mice. Its action is not inherently prophylactic or protective, however, 
since marrow-injected animals suffer the same severe initial damage as 
control animals receiving the same dose of X rays. Instead, it appears 
to promote early regeneration of the hematopoietic tissues and thus to 
bring about the other effects mentioned. 

Several attempts to extract this material in biologically active form, 
using a variety of media and extraction procedures, have failed (3, 11). 
In mouse marrow centrifugates, the activity was associated with the 
washed cells, and not with the supernate (1/1). However, Hilfinger and 
Ferguson (14) have recently reported that a cell-free extract of rabbit 
bone marrow exhibited significant activity against radiation mortality in 
rabbits. Using Schneider’s method of differential centrifugation (15) and 
a modified sucrose-salt medium fortitied with adenosine triphosphate, Cole, 
Fishler, and Bond (8) prepared and assayed subcellular fractions of mouse 
spleen cells. The cytoplasmic and supernatant fractions were inactive 
but the nuclei fraction, which was slightly contaminated with nondisrupted 
cells, was effective in reducing mortality when given intraperitoneally to 
mice exposed to total-body X ray doses in the LDso.10 range. The nuclei 
lost their activity when treated prior to injection with either desoxyribo- 
nuclease or trypsin, but were unaffected by incubation with ribonuclease. 
They concluded that the active material resides in the nucleus and is 
probably a desoxyribonucleoprotein, and they drew an analogy between 
its action on radiation-injured hematopoietic tissues and the mode of 
action of the bacterial transforming principle, which is known to be a 
desoxyribonucleic acid (16, 17). 

* Received for publication October 27, 1954. 
? Presented in part at the annual meeting of the Radiation Research Society, Cleveland, May 17 to 19, 1954. 


3 These studies were supported by grants-in-aid from the National Cancer Institute, National Institutes of 
Health, U. S. Public Health Service, and the Jane Coffin Childs Memorial Fund for Medical Research, 
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It seemed that the difficult task of extracting and isolating the marrow 
principle in reasonably pure, cell-free form might be facilitated if the 
biological factors which modify its activity were better defined. Some 
of the biological characteristics of the material have been previously de- 
scribed. This paper presents the results of an extensive series of experi- 
ments intended to provide additional information along several lines. 


Experimental Procedures and Results 


The technical methods for the preparation of marrow cell suspensions, 
dose and periodicity of irradiation, and other procedures were identical 
with those previously described (11), except where otherwise indicated. 
As before, strain C57BL mice of both sexes, usually about 33 days old 
at the start of treatment, were used, and their thymic weight at experi- 
mental day 50 (25 days after the last of 4 fractional irradiations at 8-day 
intervals) served as the assay criterion. Other lymphoid-tissue weights 
were also determined, as in earlier experiments. Data are tabulated as 
group means + standard errors [estimated as range estimate of the stand- 
ard deviation divided by yn. (18)]. 


I. In vivo “dialysis” of Marrow 


In two experiments, homologous bone-marrow cells suspended in sterile 
Locke’s solution were sealed aseptically in special Teflon capsules* and 
inserted into the peritoneal cavities of groups of irradiated mice. The 
capsules each contained about 0.7 ml. of suspension. They were sealed 
at the loading end by a stainless-steel screw, and at the other end by a 
window of such porosity that bacteria and cells could not escape from 
the chamber but proteins, body fluids, and various solutes could freely 
move in and out. It was hoped that the marrow cells could remain viable 
for hours or perhaps days in this environment and continue to produce 
the active factor under circumstances where its ability to dissociate from 
its cell of origin might be demonstrable under critical conditions. Control 
groups received irradiation alone or capsules containing the suspending 
medium. As table 1 reveals, there was no evidence that a cell-free material 
having this activity escaped from the capsule chamber into the host in 
either experiment. Marrow suspensions injected directly into the peri- 
toneal cavity were active, however, as had previously been demonstrated 
(4). The introduction of the capsule into the peritoneal cavity appeared 
to be quite traumatic for the irradiated mice. Thymic weights in the 
capsule-implanted animals, whether receiving marrow or Locke’s solution, 
were even lower than those of the irradiated controls, and the general 
appearance of these animals, a few of which died during the two experi- 
ments, was poor. Cells were present in the capsules when they were re- 
moved after 3 weeks but were of dubious viability as judged by staining 
reactions. The omentum was found to be intimately applied to the win- 
dow of the capsule. No bacterial growth from the intracapsular fluid was 
obtained in 48-hour cultures on agar slants and in beef broth at 37° C. 


4 These capsules were very kindly loaned to us by Dr. Sidney Raffel, Professor of Bacteriology, Stanford 
University. 
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TABLE 1.—Effect of in vivo “‘dialysis’’ 


irradiated strain C57 BL female mice 
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of bone marrow on lymphoid-tissue recovery in 


























7 No. . Body 
Expt. : Thymus Nodes Spleen ae 
No. | Treatment a3 (mg.) (mg.) (mg.) ym 
Pes | 6129046357408) 75.44 3.0:188404 
| Xray + capsule + 
| marrow. -.| 6121.64 4883+42.0) 91.44 11.4419.64+04 
1 | Xray+ capsule + 
Locke’s solution.} 4| 844+43/4541.2) 7414 91/168411 
| X ray + marrow, 
| intraperitoneally.| 6 | 48.8 + 7.1)87+1.0) 913+ 3.551874+02 
| X ray only. | 56)25..142815.7402) 745+ 3.52014+09 
X ray + capsule + 
2 | WOOT ..05.60005 4/11..24+511501+08 81.14 85190411 
X ray + capsule + 
| Locke’s solution.| 5 | 13.8 + 1.4/6.0 + 0.5) 100.1 + 10.0:1894+03 
























In two experiments performed by Dr. Sarah K. Hochstetler, the work 


IT. Subcellular Fractionation 


of Cole, Fishler, and Bond cited above was repeated and confirmed. 


the first, randomized groups of female mice were irradiated by our usual 
Their male litter mates, used as marrow donors, were about 
The marrow from both femurs of each donor 


technique. 


60 days of age at sacrifice. 


was homogenized for 3 minutes in a glass microhomogenizer in 0.5 cc. of 
the sucrose-salt-ATP medium described by Cole e¢ al. (8) while immersed 
The first centrifugation was carried out at 600 g (1,730 
r.p.m.) for 10 minutes at 3° C. and the sediment (fraction 1) washed and 
The supernatant was then spun at 8,500 g (10,800 
The 


in cracked ice. 


recentrifuged twice. 


r.p.m.) for 10 minutes, and the sediment (fraction 2) washed once. 


remaining supernatant was spun at 20,000 g (16,600 r.p.m.) for 90 minutes, 
and both the sediment and final supernatant saved as fractions 3 and 4, 
All fractions were injected intravenously on experimental 
day 25, promptly after the last irradiation. 
revealed that fraction 1 was composed of cell nuclei, contaminated with 
apparently nondisrupted cells to the extent of about 10 cells per 100 nuclei. 
The other fractions contained no whole cells and corresponded to the 
mitochondrial, microsome or submicroscopic particle, and supernatant 


respectively. 


fraction, respectively, of Schneider (15). 


TaBLe 2.—Effect of differentially centrifuged bone-marrow cell fractions on lymphoid- 


As indicated in table 2, fraction 


tissue recovery in irradiated strain C57 BL female mice 


Microscopic examination 
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1 containing nuclei and some whole cells was highly active in promoting 
regeneration of the irradiated thymus, whereas the cytoplasmic fractions 
had no activity. 

Attempts to prepare nuclei fractions less contaminated by whole cells 
led to the use of spleen rather than marrow as the starting tissue, as 
originally described by Cole et al. The spleens of young (7- to 10-day- 
old) C57BL mice seemed to contain less connective tissue and were easier 
to homogenize than those of 2-month-old animals. Nuclei fractions from 
spleens of both age groups were prepared essentially as above. Homoge- 
nization of the young spleen cells was essentially complete after 1 to 1.5 
minutes, whereas those of the 2-month-old mice required a 2-minute 
homogenization, repeated once after the first centrifugation, to obtain 
disruption of about 90 percent of the cells. If homogenization was carried 
further, as in trials with bone marrow, all of the cells could be opened but 
the centrifuged fraction 1 became viscid due to breakdown of the nuclei. 
Those from the young animals contained on the average only 1 or 2 whole 
cells per 500 to 700 nuclei, whereas those from the older mice were almost 
as heavily contaminated as the marrow nuclei preparations. In prelimi- 
nary work, intravenous injection of either the whole spleen homogenates 
or the nuclei fractions was followed within a few seconds by bizarre con- 
vulsions and death, apparently of central nervous system origin. Accord- 
ingly all injections were made intraperitoneally on day 25. Each animal 
received whole homogenate or nuclei from 3 spleens of the older donors, 
or from 5 of the much smaller spleens of the young donors. 

Results are presented in table 3. The nuclei fraction from 7- to 10- 
day-old mice significantly increased thymic weights over those of irradi- 
ated controls, whereas the corresponding fraction from the older donors 
was inactive, and the whole spleen homogenates had dubious activity. 

These experiments are of course open to the same objections as those 
originally described by Cole and his colleagues. It has been pointed out 
that the effect obtained with the “nuclei” fraction could conceivably be 
due to the contaminating whole cells in the preparation. This has seemed 
unlikely on the basis of earlier experiments (10) which seemed to suggest 


TaBLE 3.—Effect of intraperitoneal injection of spleen cell nuclei 




















Age of | Thymus (mg.) 
Material injected donors 
(days) Males Females 
NN ce od Jit. og at cig ie daniel win aie akan eee aed 18.2 + 2.1) 24.44 2.4 
; (9)* (8) 
Whole homogenate from 3 spleens..........}| 55-60 25.8 + 2.8|26.0+ 4.4 
(6) (5) 
Spleen cell nuclei from 3 spleens........... 55-60 21.2 + 3.1) 22.24+1.9 
(7) (8) 
Spleen cell nuclei from 5 spleens........... 7-10 32. i 4.2) 42. ‘é 3.2 
8 6 




















*Figure in parentheses=number of mice in group. 
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that a greater number of intact marrow or spleen cells were required to 
give a definite response than were present in the amount of nuclei fraction 
injected. However, more recent experiments to be described below indi- 
cate that thymic regeneration can be effected by considerably smaller 
amounts of marrow than we had previously believed. If one attributes 
the activity to the contaminating whole cells, it is difficult to explain the 
lack of effect of the nuclei fraction from 2-month-old donors, where con- 
tamination with whole cells was about 500 times as great as in the active 
nuclei fraction from 7- to 10-day-old mice. Whole cell suspensions from 
these age groups differ in effectiveness against radiation mortality by a 
factor of only about five. Nonetheless, these experiments cannot be 
regarded as providing conclusive evidence that the activity resides in 
cell-free suspensions of marrow or spleen cell nuclei. They do, however, 
clearly indicate that the cytoplasmic and supernatant fractions are inactive. 


ITI. Role of the Spleen 


Since the effects of thigh-shielding and marrow-injection in preventing 
radiation death and tumor induction parallel those of spleen-shielding 
(6, 11), the question arose whether the activity of the marrow was mediated 
by or required the presence of an intact spleen. Six groups of 10 mice 
each were set up from a randomized pool, with the sexes equally repre- 
sented. Alternate groups were splenectomized. Two days later irradia- 
tion was begun on an 8-day interval basis. The first pair of groups 
(intact and operated) were irradiated with the left thigh shielded. The 
other groups were unshielded ; one pair received marrow cells intravenously 
after the fourth X-ray dose, while the last pair received no further treat- 
ment. 

Splenectomy did not prevent or diminish the regenerative effect of 
thigh-shielding or marrow-injection on lymphoid-tissue weight (table 4). 
It is concluded that the marrow factor does not act by way of the spleen. 
This is consistent with other evidence (19) suggesting that, on the con- 
trary, the spleen-shielding phenomenon is essentially unique for the 
mouse and is based upon the relatively important role of the spleen in 


on lymphoid-tissue weights in irradiated strain C57 BL mice 




















Nodes (mg.) Spleen (mg.) Body weight (gm.) 
Males Females Males Females Males Females 
10.6+13) 56404 78.344079.343.2|/2424+04/205+04 
(9) (8) (9) (8) (9) (8) 
5.0+12) 7.0407 |102.0+ 16.3) 76.2+43/2294+05/192+08 
(5) (5) (6) (5) (6) (5) 
7.9+08/) 524+05/1705+ 43) 75.04 52/)22.94+07/188+04 
(7) (8) (7) (8) (7) (8) 
12.8+12])] 68+04/82.4+ 51°79.54+3.3/216404/185:4+06 
(8) (6) (7) (6) (8) (6) 
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this species as an extraskeletal, marrow-like tissue. In two experiments, 
intravenously injected spleen cell suspensions were compared with marrow 
cell suspensions in terms of lymphoid-tissue weight response. In the first 
experiment, mice about 60 days old were used as a source of both tissues. 
It was found that injection of suspensions more concentrated than 1 spleen 
per 1.5 ml. of Locke’s solution produced convulsions and death. There- 
fore each spleen was suspended in 2.0 ml. of Locke’s solution and each 
test animal received 0.5 ml. (one-fourth spleen) intravenously. The 
marrow-injected group received all of the marrow from two femurs in 0.5 
ml. of Locke’s solution. In the second experiment, the donors were 1-day- 
old C57BL mice, and two spleens were suspended in 0.5 ml. of Locke’s 
solution. As table 5 reveals, the spleen cell suspensions of the older mice 


TABLE 4.—Effect of splenectomy on activity of the marrow factor in 
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Thymus (mg.) 
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Operation Treatment (other than irradia- 
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tion) Males | Females 
oe re | BRI. 65 o. ano cos ones | 63.2 + 4.9 | 77.0 + 7.10 | 
| | oy | | 
Splenectomy . | Thigh-shielded................ | 58.1413 | 781+ 43 | 
| (5) (5) | 
Intact. . ..| Marrow, intravenously......... | 58.4 + 3.7 | 70.1 + 5.8 
| (5) 6) | 
Splenectomy....... Marrow, intravenously......... | 51.2 + 3.3 | 63.1 + 1.7 
(5) (5) 
| a 
ere hie 7 Rr eee a ro rere | 20.6 + 3.7 | 189+ 26 | 
(5) (5) 
Splenectomy........ i rg ee etree carats vacant 16.6 + 1.8 213419 | 
(4) (6) 





*Figure in parentheses=number of mice in group. 


TaBLe 5.—Effect of intravenous injection of newborn and adult spleen cell 



































| Age of | Thymus (mg.) 
Material injected donor 
(days) | Males Females 

I tro ee cle rd ee —_———— 18.9 + 2.2|35.94+ 8.1) 
(5)* 6) | 
IN eins coins cxbveboketoeeuden | 60 62.4 + 5.0| 73.04 5.9 | 
(5) (5) 

iG ee hed eee eubeaceaten 60 35.3 + 3.2|43.749.5 

(10) (5) 

Set RID. «oi. ccceccvctecesecccsed ——— jo 2.0 | 49.24 8.3 
| (5) (4) 
TARE AN ain RTD EN | 1 |44445.1/69.948.1)| 
| 6) 6 | 








*Figure in parentheses=number of mice in group. 
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were only about 60 percent as active as the bone-marrow cell suspensions, 
in the amounts injected. The spleens of 1-day-old mice were almost as 
active as adult bone marrow, however. In addition to age, genetic con- 
stitution may also influence relative activity of the spleen (19), to a 
degree which is roughly proportional to the extramedullary hematopoietic 
function of the spleen of each strain. 


IV. Modification of Marrow or Spleen Activity by Pretreatment of Donor 
Mice 


A. Phenylhydrazine and turpentine —In an attempt to discover which 
cell type contained the active principle, an intense hyperplasia of the ery- 
throid or myeloid series in both marrow and spleen was induced by treat- 





promoting lymphoid-tissue recovery in irradiated strain C57BL mice 






































Nodes (mg.) Spleen (mg.) Body weight (gm.) 
Males | Females Males | Females Males Females 
| 138419 | 161 +34 | 83.14 3.1 | 905485 | 234409 | 20.44 1.0 
(5) (4) (5) (4) (5) (4) 
| 17.0 + 2.0 | 14.9 +13 | — || ——— | SS e68) Se OF 
| | ® | | (5) (6) 
98+0.4 | 126409 | 744433 | 8.0+ 80 | 232403 | 2002405 
| © | © | & | & (5) (5) 
| 165+ 1.0 | 133+ 29 25.4 + 0.6 | 20.7 + 0.8 
| (5) (5) (5) (5) 
46404 | 59408 | 67.3 + 4.9 | 786+ 6.4 | 232404] 201405 
(5) | (5) (5) (5) (5) (5) 
65411 | 74410) —— | ——— | 232+ 1.0 | 19.2 4 0.4 
a | @ | | (4) (6) 





suspensions on lymphoid-tissue weights in irradiated strain C57 BL mice 









































Nodes (mg.) | Spleen (mg.) Body weight (gm.) 
| Males Females Males | Females Males Females 
824+0.4|/ 72408/747432/67.9433|2294+03/195406 
(5) (5) | (5) | (5) (5) (5) 
1135412 15.5 +0.6|787436/924 43.2 23.0+0.8/192+06 
(5) (5) (5) (5) (5) (5) 
10.1414] 93405|77.2438/85.94+34/2124+05|/1884+08 
| (10) (5) qo | &) (10) =6| ~~) 
5.04+06/1024+24 sans’ tal hase’ td aie’ tae 18.2408 
(5) (4) (5) (4) (5) (4) 
15.4427/11.24+23 | 81.8 + 3.0 |87.1434/210406/179403 
(5) (5) | (5) (5) (5) (5) 
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ment of donor mice with phenylhydrazine and turpentine, respectively. 
The dose of phenylhydrazine was 1.25 mg. per day for 2 days, the ani- 
mals being sacrificed 2 days later; a single 0.1-ml. subcutaneous injection 
of turpentine was used, and the mice were killed 4 days later. Cell sus- 
pensions were prepared in the usual way and injected intravenously. 
Marrow from untreated donors of the same age was injected in equal 
amount into one control group, while another received only Locke’s 
solution after irradiation. An extra group received normal marrow 
intramuscularly. 

Microscopic examination revealed an intense hyperplasia of and over- 
growth by erythroid cells in the phenylhydrazine-treated marrows. At 2 
days after turpentine injection, the marrow was densely packed with 
myeloblasts and some mature polymorphonuclear leukocytes; the latter 
cell greatly predominated at 4 days. Neither type of alteration of mar- 
row-cell population appeared to affect marrow activity, however (table 6). 
In another experiment, which was performed by Dr. William Faraghan, 
the spleens of phenylhydrazine-treated donors similarly exhibited the 
same activity as those of normal donors. This result suggests that some 
more primitive cell type in the marrow (and spleen) may contain the 
active factor, but direct evidence for this view is not yet at hand. 

B. Sex hormones.—Testosterone inhibits the development of thymic 
lymphosarcomas in irradiated C57BL mice, whereas estrogens are lym- 
phomogenic (20, 21). It seemed possible that these hormones might 
affect the bone-marrow factor in opposite ways, and thus account at least 
in part for the difference in their effect on tumorigenesis. Two experi- 
ments have been performed in which donor mice have been injected with 
one or the other hormone for 2% weeks, sacrificed, and their marrows 
injected into irradiated test animals, with controls receiving untreated 
marrow for comparison. The results of both experiments were similar 


TABLE 6.—Effect of induced hyperplasia of erythroid 


























Treatment of Material injected and route of Thymus (mg.) 
donor mice administration Sade | Sassi 
Turpentine....... Marrow, intravenously........... §69.2+3.9| 741+9.7 
(6)* (5) 
Phenylhydrazine...| Marrow, intravenously........... 58.64+3.9) 56524+68 
(6) (6) 
CN ccecnwcaes Marrow, intravenously........... 68.2 +47] 7844+3.0 
(6) (5) 
Comtrel. ....cccces Marrow, intramuscularly......... 24542.4/ 327485 
(5) (5) 
WE ak cvee oo Placebo, intravenously........... 29. a Fy 4,1] 29. ' i 4.0 

















*Figure in parentheses=number of mice in group. 
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and are partly consolidated in table 7; there was no significant inhibition 
or stimulation of the marrow factor by either hormone. 


V. Preservation and Storage of Marrow 


Marrow from 60-day-old C57BL donors was divided into two portions. 
One was frozen gradually, by successive cooling to 3° C. over crushed ice, 
next to about —10° C., and finally stored at —70° C. The other portion 
was quick-frozen directly over dry ice and stored at —70°C. Both were 
kept at this temperature for 28 days. The first fraction was thawed 
slowly by a reversal of procedure; the second by removal from the cold 
directly into a 37° C. water bath. They were then suspended in 0.5 ml. 
of Locke’s solution and injected intravenously into irradiated test animals, 
with 2 groups of controls receiving fresh normal marrow and Locke’s 
solution, respectively. 

In another experiment, conducted by Dr. William Faraghan, freshly 
removed marrow was frozen in acetone-dry ice and lyophilized. The 
frozen-dried material was then resuspended in cold Locke’s solution for 
intravenous injection, with controls as above. The results of both 
experiments, summarized in table 8, indicate that activity of the marrow 
factor was destroyed by freezing and lyophilization. 


VI. Dose of Marrow Versus Effect 


In an earlier study (10), marrow from both femurs of a single donor 
was effective when injected intravenously into a single irradiated recipient 
(1:1 dose), whereas there was little evidence of activity when the mar- 
rows of 2 donors were divided among 5 recipients. This and other evi- 
dence suggested that relatively large amounts of marrow were required. 
This question was restudied in two experiments in which graded dilutions 
of normal marrow in Locke’s solution were injected intravenously into 


or granulocytic series on activity of marrow 





Nodes (mg.) | Spleen (mg.) Body weight (gm.) 
Male Female Male Female Male Female 








1445411/1024+18|844+4+36/828+4 30] 2174+09/1784+05 
(6) (5) (6) (5) (6) (5) 


15..9+15/166 +21) 817+ 5.3] 818+ 5.1) 2114+02/185405 
(6) (6) (6) (6) (6) (6) 


13.7 +2.2|/121+08/ 837 + 66] 87.0 + 66/2254 0.6)191410 
(6) (5) (6) (5) (6) (5) 











99+28/1064+28)/648+28/845+ 5.1) 2134+09/181+4+04 
(5) (5) (5) (5) (5) (5) 








7.8413) 90407/65.64+34/701+38/225407/1854+05 
(6) (6) (6) (6) (6) (6) 
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TABLE 7.—Effect of sex hormone pretreatment of donor mice 





Treatment of 


Thymus (mg.) 





Material and route | 
| 
































| 

} 
donor mice Male Deenate | 
Testosterone*..... Marrow, intravenously........... 63.0 + 4.0] 73.1 + 3. 7| 
| )t (6) | 
Testosterone......| Marrow, intravenously........... |} 29.93 + 5.9) 59.8 + 15. 9| 
|) YY 
Estrogen § .| Marrow, intravenously........... 938.2 +3.7|73.44 9. 4| 
| (5) (4) | 
Eetrogen.......... | Marrow, intravenously........... | 47.8+67|/69.8+ 86) 
| @) (4) | 
Control....... .| Marrow, intravenously........... 54.94+3.9165.6+4 7.9) 
| @) (5) | 

Control...........| Locke’s solution, intravenously... .| 29.3 + 4.1/}25.0+ 4.0 

| (6) (6) 





*Testosterone propionate (Schering) aqueous, 0.5. mg. 3 times weekly; 11 injections. 
tFigure in parentheses=number of mice in group. 


TABLE 8.—Effect of freezing or lyophilization on activity 





Material injected 


Thymus (mg.) 





Amount injected 














Male | Female 
‘Slow-frozen” marrow.......... | contents of 4 femurs.| 21.8 + 1.0 | 32.2 + 6.1 
(5)* (5) 
“Quick-frozen” marrow......... contents of 4 femurs.| 31.9 + 1.9 32.3 + 5.4 
(5) | (5) 
| 


Normal marrow 


63.3 + 3.5 
(5) 


























(5) 

Locke’s solution............... 0.5 ml 22.0 + 2.0 | 49.2 + 8.3 | 
(5) | (4) 

Locke’s solution...............| 0.5 ml 26.2 + 5.0 | 248 + 3.4 | 

(5) (5) 

Normal marrow............... | contents of 2 femurs.! 56.1 + 3.9 | 72.4 + 29 | 

| 6 | © | 

Lyophilized marrow............ contents of 4 femurs.|} 18.0 + 1.4 | 28.2 + 2.0 

(10) (10) 











*Figure in parentheses=number of mice in group. 


test animals in a const 


ant volume of 0.5 ml. In this first experiment, 


this volume contained the entire marrow from 1 to 4 mouse femurs, and 


all were about equally (and maximally) effective. 


Accordingly, another 


experiment was performed in which the effective amount injected was 
that derived from 2, 1, 4, %, %, or %s femoral marrow content, respectively. 
An aliquot of these marrow cell suspensions was stained with 0.02-percent 
gentian violet in 3 percent acetic acid and counted in a hemacytometer, 
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| Nodes (mg.) Spleen (mg.) Body weight (gm.) 
| Male Female Male Female Male Female 
7| 150+0.8)130+1.4/]780+43.3 | 89.94+63)]2084+07)182+4+1.0 
| (5) (6 (5) (6) (6) (6) 
g| 11..2+1.4/)11.4423]73.54+1.7)| 87.04 85] 23.54+05/),1984+05 
(5) (4) (5) (4) (5) (4) 
12.04 1.5 |12.54+1.8 | 87.24+62)]99.44+ 5.1/2244+09/)1864+08 
| (5) (4) (5) (4) (5) (4) 
6 92+09/101+1.6|]8014+47)]77.64+3.8]23.8+08/)193+07 
| (4) (4) (4) (4) (4) (4) 
9) 10.8 +1.5|11.341.2|71.0428/89745.1| 2144051195407 
(5) (5) (4) (5) (5) (5) 
0 7.8413 90+0.4) 6564+ 3.4|/7014+3.8|22.5407)1854+05 
(6) (6) (6) (6) (6) (6) 
tSome intravenous marrow injections were unsatisfactory. 
§Dienestrol (White) aqueous, 25.0 mg. 3 times weekly; 11 injections; killed 24 hours after last injection. 
ty of the marrow factor in irradiated strain C57BL mice 
Nodes (mg.) Spleen (mg.) Body weight (gm.) 
Male Female Male Female Male Female 
8.9 + 1.4 8441.2 | 59.14 2.9 |8284+9.8 | 209+04 | 19.2+ 0.8 
(5) (5) (5) (5) (5) (5) 
8.5 + 0.9 8.0+.1.4 | 67.54 2.5 | 7444+ 5.1 | 218404 | 17.4+ 0.4 
(5) (5) (5) (5) (5) (5) 
147+19 |124+ 2.4 | 85.74+ 2.9 | 89.74 2.1 | 2254+05 | 18.8 + 0.5 
(5) (5) (5) (5) (5) (5) 
| 5.0 + 0.6 10.2 + 2.4 | 616+ 3.3 | 706+ 56 | 212+ 06 | 182+ 0.8 
(5) (4) (5) (4) (5) (4) 
“| 96412 |1054 14 | 60.1413 | 80.1436 | 210408 | 205+ 0.4 
(5) (5) (5) (5) (5) (5) 
7 9.8+ 1.1 15.9+ 2.5 | 805+ 29 {1020+ 3.6 | 225+0.5 | 20.3 + 0.7 
(5) (5) (5) (5) (5) (5) 
- 10.6 + 1.2 96+1.1 | 6634 2.6 | 78.74 5.4 | 23.14 0.5 | 19.7 + 0.7 
(10) (10) (10) (10) (10) (10) 
it, yielding the following cell counts per cubic millimeter, in the same se- 
rd p quence: 43,475; 21,275; 9,862; 3,700; 2,138; and 1,012. Two groups of 
er recipients were used at the 2-femur dose level: one received the marrow 
as from both femurs of individual donors as soon as it could be suspended, 
y. whereas the other received the same amount from the pooled marrows of 
nt : 15 donors. The donors and recipients were of the same sex. A control 


group received Locke’s solution alone. The data are presented in table 9. 
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TABLE 9.—Relation between amount of bone marrow injected and 












































Thymus (mg.) 
— Material injected Amount injected 
2 Male Female 
Locke’s solution......| 0.6 ml................}/204444]269+3.0 
(5)* (6) 
cs alc'd as Sealed a 73.94 3.2/)}889+43 
(5) (5) 
1 I goto a sqea.e's ae a 65.4 + 3.7 |79.0+ 40 
(5) (5) 
eee Es + stu ueeerab wes 64.6 + 4.8 | 76.3 + 2.8 
(7) (7) 
Locke’s solution...... SRE ee peor 23.44 40/2294 2.4 
(5) (5) 
MN a iin da akarear 2 femurs (individual)... .| 74.8 + 6.6 | 77.1 + 3.0 
(5) (4) 
SE ey 2 femurs (pooled)...... 62.8 + 3.7 | 82.8 + 3.6 
(5) (5) 
ree Satta dausicee 64.8 + 5.0 | 74.94 1.8 
(5) (6) 
2 OPEC one-half femur........ 57.7 + 6.8 | 75.3 + 5.0 
(5) (5) 
ERE one-fourth femur...... 46.74+43)1747+4+1.6 
(5) (3) 
eee one-eighth femur...... 45.6+3.5/|65.5+44 
(5) (5) 
II fea a'a hae ee one-sixteenth femur....| 46. «4 6.7 | 51.1 * 4.8 
4 (5 




















*Figure in parentheses=number of mice in group. 


In computing ® the regression of thymic weight on quantity of marrow 
injected, the 2-femur aliquot from pooled marrow and the 2-femur group 
from individual donors were combined, since the difference in average 
thymic weight was for neither sex large enough to be statistically signifi- 
cant, and in addition, the differences observed were of opposite size, fur- 
ther indicating their random nature. A straight-line regression of thymic 
weight on logarithm of marrow dose was computed separately for each 
sex. In each case a test of linearity was carried out and the values of the 
F statistic lay below the 50 percent point for males and below the upper 
10 percent for females, indicating that the assumption of a straight-line 
regression on log dose is not unreasonable. The slopes of the two lines 
were nearly the same, differing by about two-thirds of the standard error ‘ 
of their difference. Accordingly, two lines having a common slope (a 
weighted average of the slopes for the two sexes) were fitted to the data 


§ It is indeed a pleasure to acknowledge our indebtedness to Dr. Lincoln E. Moses, Assistant Professor of Statis- 
ties, Stanford University, for his assistance in the planning of several of the experiments in this paper, and in par- 
ticular for his statistical analysis of this experiment, which is quoted almost verbatim here. 
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lymphoid-tissue weight response in irradiated strain C57BL mice 





Nodes (mg.) Spleen (mg.) Body weight (gm.) 
Male Female Male Female Male Female 








67+09 | 644+03/61.54+42/70.7447/|226407/1884+04 
(5) (6) (5) (6) (6) 


92406 |1114 1.1 | 67.14 3.2 1084455 /2164+06| 203407 
(5) (5) (5) (5) (5) (5) 


120+12 |}1284+16/7244+3.3/918463/2304+04/191+04 
(5) (5) (5) (5) (5) (5) 


1.0+08 |/100+06/75.0+46 |785+3.1/22.24+06/1844+05 
(7) (7) (6) (7) (7) (7) 


5.1404 | 7.1408/650+ 13 | 7854112 /2084+04/1844+06 
(5) (5) (5) (5) (5) (5) 


11+13 |118421/7604 26 | 814468 /2164+06/1814+10 
(5) (4) (5) (4) (5) (4) 


92+0.8 | 13.6 + 3.0 | 75.3 + 5.5 | 87.14 52 /2104+07/1904+05 
(5) (5) (5) (5) (5) (5) 


814061129414 sas * fatal hake ta 21.04+03/186402 
(5) (6) (5) (6) (5) (6) 


M1412 |112429/682437|8064 5.0/212407/184405 
(5) (5) (5) | (5) (5) (5) 


98423 | 97402/773455/942428/214409/2044+04 
(5) (4) (5) (4) (5) (4) 


7.6403 |1054+26/7524+7.4|79.743.4/2114+08/190409 
(5) (5) (5) (5) (5) (5) 


61+09 | 66408 )661413|)75.2+40/2204+05/1834+03 
(4) (5) (4) (5) (4) (5) 






























































of the two sexes (text-fig. 1). It can be seen from the figure (or from the 
equation below) that doubling the dose of marrow injected (over the range 
of doses employed) increased the average thymic weight at experimental 
day 50 by about 5.39 + 1.27 mg. The two regression equations are: 


Females—¥=55.7 + 5.39 log, (16F) 
Males—7=41.0 + 5.39 log, (16F) 


where 7 is the estimated average thymic weight to be found at dose F 
and log, (16F) is that power of Z which is equal to 16 times the aliquot F. 
Thus an aliquot F = % corresponds to log, (16F) = log, (4) = 2. 


VII. Distribution of P*-labeled Bone Marrow after Intravenous Injection 


Although it is evident that the marrow factor promotes regeneration 
of the radiation-injured thymus and lymph nodes, there has been little 
information regarding the distribution and fate of the intravenously 
injected marrow cell suspensions. Congdon, Uphoff, and Lorenz (6) 
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TEXtT-FIGURE 1.—Effect of injections of varying amounts of bone marrow on thymic 
weights of irradiated C57BL mice. 


described the histologic sequence of events in intraperitoneal marrow 
implants, and noted focal nodular lesions in the lungs of intravenously 
injected animals which represented the sole microscopic evidence of local- 
ization of the marrow. 

The experiments to be described, which were performed by Dr. Paul 
Toch, suffer from the inherent difficulty that there is no certainty that the 
isotopic label is distributed after injection in the same way as the unidenti- 
fied active factor in the marrow. Nonetheless, these studies were under- 
taken as a first approach to the problem. 

Marrow obtained from the femora of donor mice was pooled, suspended 
in Locke’s solution and incubated with carrier free P*? phosphate for 2 
hours at 37° C. under gentle agitation. After completion of the incubation 
the suspension was centrifuged at 2,000 r.p.m. for 10 minutes, the super- 
natant was pipetted off and the marrow cells were resuspended in Locke’s 
solution. This procedure was repeated three times or until the ratio of 
counts per unit volume of cells versus supernatant was at least ten to one. 
An aliquot of 0.4 cc. of the final suspension was injected into a tail vein 
of each experimental animal. Groups of mice were then sacrificed at ap- 
propriate intervals. Blood, bone marrow, thymus, lungs, liver, and spleen 
were weighed wet, transferred to test tubes and treated by wet ashing 
with 15 percent KOH. Aliquots were then plated and their radioactivity 
determined. 

In a preliminary experiment, 8 nonirradiated 60 + 3-day-old male 
C57BL mice were used to test the feasibility of the procedure. Four of 
these were sacrificed between 17 and 32 minutes after injection of the bone- 
marrow suspension and two each were sacrificed after 1.5 and 4.5 hours, 
respectively. 
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In the second experiment 32 mice, 30 + 3 days old, were used—divided 
equally between the sexes. Sixteen of these were irradiated with 168 r x 4 
every 8 days; the remainder served as nonirradiated controls. Both ir- 
radiated and nonirradiated animals were randomly distributed into four 
groups to be sacrificed 0.5, 3, 17, and 41 hours after injection of the tagged 
bone marrow. All mice were injected on the day of the last X-ray treat- 
ment. Blood sampling was omitted in this experiment and bone marrow 
was transferred directly to copper counting cups without wet ashing and 
allowed to dry. Results for bone marrow are therefore expressed on a dry 
weight basis. Other tissues were treated as described above. 

The results are summarized in tables 10 and 11 and in text-figure 2. 





16.0 ®18.29 

15.0 @——® IRRADIATED 
140 O----O WON-IRRADIATED 
13.0 CONTROLS 








PER CENT UPTAKE PER !00MGM. OF TISSUE 

















TEXT-FIGURE 2.—Percent uptake per 100 mg. of tissue of intravenously injected P*- 
labeled bone-marrow suspension. 
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TABLE 10.—Percent uptake per 100 mg. of tissue of intravenously injected P**-labeled bone- 








marrow suspension 

PR ow s) Blood | Marrow | Thymus | Lungs | Liver | Spleen 
SES en a re ee 0. 24 3. 07 0. 31 11. 56 1. 10 1. 24 
Se ear * 0. 33 1. 67 0. 38 17. 60 1. 06 1. 63 
hp ES AES ere 0. 22 7. 21 0. 29 21. 64 1. 08 2. 74 
Be ba oncwe wees 0. 08 1. 90 0. 18 9. 78 0. 87 2. 96 
0. 13 1. 85 0. 15 7. 77 0. 74 3. 58 
rn peices 0. 14 2. 13 0. 20 9. 63 1. 08 3. 02 
ESSE eres Peta tc * 0. 05 1. 36 ", 44 10. 80 0. 62 2. 81 
ae ree 0. 06 1. 79 v. 19 6. 38 0. 69 2. 39 























The lungs showed the greatest uptake of injected tagged bone marrow 
(18%). ‘This occurred rapidly (by 20 to 30 minutes), but the activity 
was also lost fairly rapidly. Controls take up somewhat less than irradi- 
ated animals (15%), and lose activity to a greater extent (text-fig. 2). 
The livers of both irradiated and nonirradiated animals took up approxi- 
mately 10 percent of the activity of the tagged bone marrow and lost 
activity more slowly than the lungs. Concentration of radioactivity per 
100 mg. of liver tissue was rather low (1%); thus, the relatively high 
uptake by the total organ is due to its large size. 'The marrow and spleen 
reached peak concentrations of radioactivity somewhat later than the 
lungs and liver (after 90 minutes). The spleens of irradiated animals 
showed greater concentrations of radioactivity than those of nonirradiated 
controls; however, uptakes per total organ were comparable or somewhat 
lower in the irradiated mice. This difference may be accounted for by 
the smaller spleen size of the irradiated as compared with nonirradiated 
mice. Only traces of radioactivity were found in blood (see table 10) 
and thymus. 

It is concluded that intravenously injected bone marrow is taken up 
primarily by the reticuloendothelial system; however, about 70 percent 
of the injected radioactive material is not accounted for in the organs 
examined. The lungs and liver take up the bulk of the injected material, 
the highest concentrations being found in the former. The lungs of ir- 
radiated animals take up somewhat more radioactivity than those of 
nonirradiated controls; the reason for this is not clear. Only traces of 
radioactivity are found in blood and thymus. 


VIII. Screening for Activity in Other Tissues, Strains, and Species 


A. Adult homologous tissues.—Various organs were excised from C57BL 
mice, minced and ground in glass microhomogenizers in cold Locke’s 
solution at 3° C. until they passed readily through a #20-gauge needle, 
and were injected intraperitoneally into irradiated C57BL test mice. The 
intraperitoneal route was used after preliminary work indicated an exces- 
sive mortality, due to pulmonary embolism or cerebral thrombosis, fol- 
lowing intravenous injection of suspensions of the same tissues. Controls 
received normal homologous bone marrow intravenously or Locke’s 
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solution intraperitoneally. Although no intraperitoneal marrow control 
was used here, other evidence (table 1) indicates that activity by this 
route is readily demonstrable, though appreciably less than that following 
intravenous injection. 

Results are seen in table 12. It is apparent that, in the relatively large 
amounts injected, none of the tissues tested gave evidence of activity. 
Infection was prominent in the group injected with small intestine, ac- 
counting for the high spleen weights noted. In another experiment, one 
group of test animals received intravenous 0.5-ml. injections of homologous 
whole mouse blood weekly for 3 weeks beginning after the last irradiation. 
A second group received twice weekly 0.2-ml. subcutaneous injections of 
human blood serum for 2 weeks after irradiation. These treatments had 
no effect on lymphoid tissue weights (table 12). 

B. Fetal tissues —Jacobson (3) has reported that minced mouse em- 
bryos significantly reduced mortality after total-body irradiation. Ho- 
mogenates of whole fetuses, and of several fetal organs individually, were 
made from 15- to 18-day C57BL fetuses by grinding with Locke’s solution 
in a glass microhomogenizer. Preliminary studies revealed that fetal 


TABLE 12.—Effect of various tissue-cell suspensions on 









































Expt Thymus (mg.) 
No : Material injected Amount injected 
~ Male Female 
Seer errr. llobe in 1.0ml....... 20.6 + 1.71) 25.44+ 46 
(6)* (6) 
ETTORE re 1 kidney in 1.0 ml..... 23.0 + 2.6 | 23.6 + 3.4 
(6) (6) 
Lymph nodes........ 4in 0.5 ml............|20.7+ 2.5 | 22.8 + 3.0 
(6) (5) 
SN aco diab-y ate: w-5ih ans aie whole brain in 1.0 ml. .| 16.5 + 3.1 |29.94+ 68 
(3) (3) 
1 Thymus.............| whole thymus in 0.5 ml.} 20.9 + 1.3 | 23.8 + 2.6 
(6) (6) 
MINES c,0-.5 ote ee 3em.in0.5ml........)147+42|23.2 4+ 60 
(5) (4) 
Pec cweceaccce 2 femursf in 0.5 ml... .| 62.1 + 2.3 |}68.9+ 3.7 
(5) (6) 
Locke’s solution... .. | a ree 18..8+1.8)241+65 
(6) (4) 
| GER ae: Sehr ee iar ke Ma sie eat! Cohn nim! 25.1+ 2.8 
(5) 
2 ee eee ec: ere ere 16.3 + 3.6 
(6) 
Se ae at: tae eee er or Sena mneE A SNP RR eee 2)! 2494+2.5 
(8) 


























*Figure in parentheses = number of mice in group. 
tT his group became obviously infected by organisms in the injected intestinal material. 
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lung homogenates were highly lethal, apparently as a result of cerebral 
thrombosis, upon intravenous injection. Accordingly, a group originally 
designated to receive lung tissue was added to the group injected with 
fetal liver. All injections were made intravenously in the following con- 
centrations: 1 whole fetus in 50.0 ml. of Locke’s solution, 1 whole liver 
in 4.0 ml., 2 spleens in 1.0 ml., and 1 thymus and kidney each in 1 ml. 
The injection volume was 0.5 ml. for all tissues. It was noted that the 
fetal livers filled almost the entire abdominal cavity at all gestational 
ages encountered. The spleen was a thin, whitish structure until about 
2 or 3 days before the end of gestation, when it became red, suggesting 
that the spleen does not play an important part in hematopoiesis until 
late in the gestation period. 

The results are summarized in table 13. Fetal liver was moderately 
effective in promoting thymic weight recovery, whereas whole fetus and 
the other fetal tissues were inactive under these experimental conditions. 

C. Heterologous marrow.—Lorenz and his associates (4, 7) found some 
protective activity of heterologous marrow and bone in irradiated mice, 
using survival as their criterion. These observations have been thought 


lymphoid-tissue recovery in irradiated strain C57BL mice 





Nodes (mg.) Spleen (mg.) Body weight (gm.) 


Male Female Male Female Male Female 








7.5412) 99416 652.4416 73.8443) 217405 188402 
(6) (6) (6) (6) (6) (6) 


7.4+0.8 120+09 eat thal ~os 22.54 0.7) 182+0.7 








(6) (6) (6) (6) 
6.6403) 89412) 67.7448) 80143.2) 214407) 187406 
(6) (5) (6) (5) (6) (5) 





77420) 7.842.3) 701468 63.9488 216402) 14469409 
(3) (3) (3) (3) (3) (3) 


83+08) 112414 71..842.2) 79.4463) 23.8412) 1.0406 












































(6) (6) (6) (6) (6) (6) 
7.3409 8.4 + 0. 7)142.6f + 15.6)144.1 + 17.9) 19.8412) 181413 
(5) (4) (5) (4) (5) (4) 
106+18 155418) 79.5+ 62) 87.84 5.9) 22.2405 182406 
(5) (6) (5) (6) (5) (6) 
13.1416 8&9+413) 70.843.3) 65.8487) 22.4407) 17.4408 
(6) (4) (6) (3) (6) (4) 
Dt aha area i 4) Serer mF et ree ee Fe 
(5) (5) (5) 
uarea oe eed tse ay Seer. ooo. eS eer me 
(6) (6) (6) 
I ee eee Th. F & OG. cicceccse) BESS ECS...........:0 BIASES 
(8) (8) (8) 
tIntravenous injection. 
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TABLE 13.—Effect of various fetal-tissue homogenates 





























Thymus (mg.) Nodes (mg.) 
Treatment 
Male Female Male Female 
Control; no X ray..... 57.6+1.2] 601419) 15.4416] 179413 
(5)* (5) (5) (5) 
ee MT WN oo sike msiccnn 1.4+1.6/] 23204+2.5 6.8 + 1.0 4.9+0.5 
(4) (4) (4) (4) 
, 232.8+18] 264434) 66+ 04 6.6+0.3 
(10) (8) (10) (8) 
Spleen homogenate....| 22.842.3| 17.64 5.2 5.9 + 0.8 46+11 
(4) (3) (4) (3) 
Liver homogenate..... 387+5.0] 34147.4/ 85+ 06 71+10 
(9) (8) (9) (8) 
Thymus homogenate..} 19.44 3.2} 201+2.1 5.3 + 0.7 86+14 
(4) (5) (4) (5) 
Kidney homogenate...| 26.8 + 2.2 5.8+5.8) 62+ 08 70+0.8 
(4) (4) (4) (4) 




















*Figure in parentheses=number of mice in group. 


to favor the view, put forth by Jacobson (3), that the active material in 
bone marrow and spleen is humoral rather than cellular in nature. 
Heterologous rat and mouse marrow have been tested in irradiated 
C57BL mice using the thymic-weight assay. The marrow contained in 6 
long bones of 21-day-old normal white rats was suspended in 0.5 ml. of 
cold Locke’s solution and injected intravenously into test mice irradiated 
in the usual fractionated schedule. The marrow from 4 femurs of 60-day- 


TABLE 14.—Effect of marrow from strain A mice and from rats 





























Thymus (mg.) 
—_. Material injected Amount injected 
Male | Female 
Strain A marrow....... 4 femurs*...... 343+41 | 25.1412 
(5)T (4 
Rat marrowt.......... 6 bones*....... 21.3442 | 32.8440 
(5) (5) 
1 | C57BL marrow........ 2 femurs*...... 63.3 + 3.5 77.7443 
(5) (5) 
Locke’s solution........ i Me ke cae cre 22.0+ 2.0 49.2+83 
(5) (4) 
ee Nn nwncaayakoaea wat 242+3.0 36.8 + 6.1 
(6) (6) 
Dh Me in ovo cbvnccsacdansesves 68.2447 78.4+ 3.0 
(6) (5) 
NO EEE, UE eee 29.3441 29.9+ 40 
(6) (6) 




















*Suspended and injected in 0.5 ml. of Locke’s solution. 
tFigure in parentheses = number of mice in group. 
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on lymphoid-tissue recovery in irradiated strain 
Spleen (mg.) Body weight (gm.) 

Male Female Male Female 
90.4 + 3.3 92.2 + 5.9 240+0.1 19.2+08 
(5) (5) (5) (5) 
89.2+ 87 77.5 + 5.6 21.54 0.8 18.3 + 0.7 
(4) (4) (4) (4) 
7474+ 2.7 86.7+ 45 20.5+ 0.4 19.1+ 0.6 
(10) (8) (10) (8) 
845+ 81 70.5 + 2.2 20.2+1.3 17.9+1.1 
(4) (3) (4) (3) 

86.4 + 3.3 97.2+85 23.2 + 0.9 17.9+0.8 
(9) (8) (9) (8) 
63.7 + 3.7 80.4+42 20.2 + 1.6 184+ 0.6 
(4) (5) (4) (5) 

81.0 + 13.4 85. 7 + 10.2 19.2+1.1 19..2+0.8 
(4) (4) (4) (4) 





old Strong strain A mice was similarly suspended and injected into another 
group of C57BL mice. Two control groups received homologous C57BL 
marrow and Locke’s solution, respectively. This experiment was repeated, 
omitting the rat marrow. The results (table 14) are interpreted as essen- 
tially negative with respect to both heterologous tissues under these 
experimental conditions. 


on lymphoid-tissue recovery in irradiated strain C57 BL mice 





Nodes (mg.) Spleen (mg.) Body weight (gm.) 





Male 


Female 


Male 


Female 


Male 


Female 





&3+11 
(5) 


92+ 1.6 
(4) 


63.3 + 18 
(5) 


65.9 + 3.9 
(4) 


21.7+0.4 
(5) 


183 + 0.6 
(4) 





71+15 
(5) 


10..2+1.9 
(5) 


65.3 + 3.6 
(5) 


76.3 + 0.6 
(5) 


21.8 + 0.6 
(5) 


19.1+0.5 
(5) 





1447+19 
(5) 


12.4424 
(5) 


85.7 + 2.9 
(5) 





89.7 + 2.1 
(5) 


22.5 + 0.5 
(5) 


18.8 +0.5 
(5) 





5.0 + 0.6 
(5) 


10.2+24 
(4) 


61.6 + 3.3 
(5) 


70.6 + 5.6 
(4) 


21.2 + 0.6 
(5) 


182+0.8 
(4) 





100413 
(6) 


121+0.8 
(6) 


75.0 + 16 
(6) 


80.7 + 5.0 
(6) 


22.5 + 0.2 
(6) 


17.9 + 0.2 
(6) 





13.7 + 2.2 
(6) 


12.1+0.8 
(5) 


83.7 + 6.6 
(6) 


87.0 + 6.6 
(5) 


22.5 + 0.6 
(6) 


19.1+10 
(5) 





7.9+1.3 
(6) 








90+ 0.7 
(6) 


65.6 + 3.4 
(6) 








70.14 3.8 
(6) 





22.5 + 0.7 
(6) 


185+0.5 
(6) 








tRat donors were 21 days old. 
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D. Thigh-shielding and Lymphoid-tissue Recovery in BALB Mice 


BALB (Bagg A) mice are one of the few strains of mice as susceptible as 
the C57BL strain to the induction of lymphoid tumors by irradiation (22). 
In view of the striking inhibition of tumorigenesis by thigh-shielding in the 
latter strain, it seemed of interest to test the lymphoid-tissue response to 
thigh-shielding during the irradiation of BALB mice (table 15). Animals 
of both sexes, aged 33 + 3 days old, were treated with 4 doses of 168 r 
each at 8-day intervals, with one thigh of one group shielded by lead as 
previously described (9). A third group received no irradiation. The 
animals were sacrificed at days 26, 33, and 50, and lymphoid-tissue weights 
determined as before. Striking regeneration of the thymus was apparent 
at day 50, similar to that noted earlier in strain C57BL mice. There was 
a less pronounced response of superficial lymph-node weights. Of interest 
is the distinctly greater spleen weight in nonirradiated mice of this strain 
than in C57BL mice (compare table 13). Body weights are also heavier 
at the same age, especially in the males. 


IX. Modification of the Assay Procedure 


A number of attempts have been made to find a shorter assay than the 
50-day thymic weight criterion we have used thus far. Cole and Ellis 
(23) have reported favorably on the use of total spleen desoxyribonucleic 
acid (DNA) content 9 days after total-body irradiation of CF-1 mice. 


TABLE 15.—Effect of thigh-shielding on lymphoid-tissue 















































Expt. oa Thymus (mg.) 
day | Male Female 
CS EEE E TC ETE PCE Pee 53. és ia 6/| 69.6 + 2.4 
(8) 
26 X ray; whole body... 2... ese seeeeeee| 124 4 2.3|145+436 
(7) (6) 
I ogo fn sitw st: in“ e-ae olus alee el eek la | 16.3 + 2.3] 20.7+ 3.0 
| (5) (6) 
Se eae, ie BEATE TCL Pare ag ws | 50:7 +19] 57.5421 
(6) (7) 
33 BE I 6.5 os eee a scnin warrcaie he peewee | 24.94+24/31.54+44 
(5) (6) 
SS EES: | 31. oF 5.4 | 47. ve 6.8 
4 5 
jy <a ase | 44.94 1.5 | 50.4 # 2.4 
(6) (8 
eee ree | 11. 5 ie 1.7 | 23.5 +3 2 
7) (8 
eee Seeds Meanie NE Coe 75. ' 4 1.3 | 90. 1% 5.5 
8 














*Figure in parentheses=number of mice in group. 
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We have not obtained consistent results with this method in C57BL mice 
after single doses of 200 to 350 r. Moreover, thymic weight has not been 
significantly greater in marrow-injected or thigh-shielded animals than 
in controls at 5 to 21 days after single doses of the same magnitude. It 
seems likely, however, that an optimal combination of X-ray dose and 
time of sacrifice can be found which will materially reduce the time re- 
quired for each experiment and thus accelerate our progress in defining 
the nature of the marrow factor. 


Summary and Conclusions 


Thymic weight 50 days after the start of fractional total-body irradia- 
tion has been used as an assay criterion in strain C57BL mice to obtain 
additional information concerning the nature and mode of action of the 
material in mouse bone marrow, which has previously been shown to re- 
duce mortality, promote hematopoietic regeneration, and inhibit lymphoid- 
tumor development in irradiated mice. 

An extensive series of experiments of this type is reported in summary 
form. Their results support the following tentative conclusions: 

1) Marrow cells enclosed in intraperitoneal capsules with a porous 
end-window gave no evidence that they elaborate a humoral material 
capable of dissociating from its cell of origin, traversing the window, and 
acting to promote hematopoietic regeneration in the irradiated host. 


regeneration in irradiated BALB mice 





Nodes (mg.) Spleen (mg.) Body weight (gm.) 
Male Female Male | Female Male Female 








16.54 1.8) 15.9+12 117.345.5/1187443 25.4+ 10) 201404 
(6) (8) (6) | (8) (6) (8) 


3.7406] 43403] 320418] 35.343.4)1544+10|]142412 
(7) (6) (7) | (6) (7) (6) 


§6.5+08) 45404 42.94 2.4) 36.94 1.2) 187412) 153405 
(5) (6) (5) | (6) (5) (6) 









































16.8+1.9/19.6+420)105.1+3.6|11924+3.2| 244408] 210404 
(6) (7) (6) (7) (6) (7) 
5.9+14| 42405] 3538422] 421460] 192414/172+08 
(5) (6) (5) (6) (5) (6) 
41405] 40405] 8.54+82|\866+ 146| 1934141177407 
4) | & | @ | @® (4) (5) 
17.0417 | 188+ 2.0|1227+68/1188+3.3| 27.5+1.0| 222+06 
(6) (8) (6) (8) (6) (8) 
61410] 56407)149.24+9.4|10064+55| 2334+07)|199+03 
(7) (8) (7) (8) (7) (8) 





8440.4] 10.74 11/115.54 7.1)/10824+5.4)2444+06/194+04 
(7) (8) (7) (8) (7) (8) 
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2) Differentially centrifuged mouse bone marrow and spleen cells 
exhibited activity in the nuclei fraction, which was contaminated by non- 
disrupted cells to a variable extent, ranging from 10 percent for marrow 
and 60-day-old spleens to 0.2 percent for 7- to 10-day-old spleens. Ac- 
tivity was inversely related to age of the source material, and not related 
to the degree of contamination by whole cells. These findings, which 
confirm those of Cole, Fishler, and Bond (8), are not considered entirely 
conclusive with regard to localization of the active material in the cell 
nucleus. The cytoplasmic and supernatant fractions were entirely 
inactive. 

3) The effect of thigh-shielding and marrow cell injection is not de- 
pendent upon the presence of the spleen. 

4) Pretreatment of donor mice with phenylhydrazine or turpentine 
elicited an intense hyperplasia of the erythroid or myeloid cellular ele- 
ments, respectively, of the marrow and spleen, but failed to modify activ- 
ity in the thymic-weight assay. It is tentatively suggested that this re- 
sult indicates that the active factor resides in more primitive cells of the 
marrow and spleen. 

5) With the exception of fetal liver, all adult and fetal tissues other 
than marrow or young spleen were inactive. Marrow from strain A 
(Strong) mice and from rats exhibited no activity by this assay. 

6) Homologous marrow incubated in vitro with P® and injected intra- 
venously was distributed primarily in the reticuloendothelial tissues, with 
little in the thymus or blood. Most of the injected activity could not be 
accounted for, however. 

7) Freezing or lyophilization of marrow resulted in inactivation. 
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The Time Factor in Inhibition of 
Lymphoid-Tumor Development by In- 
jection of Marrow Cell Suspensions 


into Irradiated C57BL Mice’? ? 


Henry S. Kapuan, Lincotn E. Mosss, Mary B. 
Brown, C. Susan Nacarepa, and Barbara B. 
Hirscn, Departments of Radiology and Public 
Health, Stanford University School of Medicine, 
San Francisco, Calif. 


Earlier studies have demonstrated that lymphoid-tumor development, 
which occurs in high incidence in systemically irradiated strain C57BL 
mice (1), may be very effectively inhibited by shielding the thigh (2, 3) 
or the exteriorized spleen (4) during irradiation, or by the intravenous 
injection of homologous bone-marrow cells after irradiation of unshielded 
animals (5). Since the animals are known to suffer the same degree of 
initial injury as irradiated controls, the effect appeared to involve a 
reversal of the tumorigenic process in its early phase. There has been 
little information published concerning either the existence or duration of 
a phase of reversibility in tumor development. This paper presents the 
results of an experiment in which graded intervals of time were permitted 
to elapse between the completion of irradiation and the injection of 
marrow. 

Materials and Methods 


Randomized groups of strain C57BL mice of both sexes were given 4 
total-body doses of 168 r each at 8-day intervals, starting at 33 + 3 days 
of age. A control group then received an 0.5 ml. intravenous injection 
of Locke’s solution. Marrow cell suspensions were prepared as before (5) 
from the femoral marrow of 60-day-old donor mice taken from the same 
litters as the recipients. Each test animal received the marrow from 
both femurs of a single donor in 0.5 ml. of Locke’s solution as a single 
intravenous injection at exponentially graded time intervals (Ms day, % 
day, % day—16, 32 days) following the last X-ray treatment. An addi- 
tional group received the same amount of marrow intraperitoneally at 
the Ke-day (1% hour) time interval. 

The animals were maintained under identical conditions, with free 
access to Purina laboratory chow and water. When found moribund or 
dead, they were routinely autopsied and pertinent tissues were fixed for 
histologic study, except where typical lymphomas were apparent grossly. 


1 Received for publication October 27, 1954. 


? Presented in part in a Symposium on Leukemia at the Annual Meeting of the American Association for 
Cancer Research, Inc., Atlantic City, April 10-12, 1954. 


* These studies were supported by grants-in-aid from the National Cancer Institute, National Institutes of 
Health, U. 8. Public Health Service, and the Jane Coffin Childs Memorial Fund for Medical Research. 
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Results 


The results are presented in table 1 and text-figure 1. There was 
almost no inhibition of tumor formation when marrow was given intra- 
peritoneally. Delayed intravenous injection resulted in a graded response 
of tumor incidence. The percentage of tumors in each group and sex 
was transformed by the method of anglits (6). From this transforma- 
tion, the linear regression on log delay was then calculated for each sex. 
The data plotted in this way are shown in text-figure 2, together with the 
best fitting lines having common slope. The x? test of homogeneity 
indicates that the model of two linear regressions having common slope 
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TEXT-FIGURE 1.—Time factor in lymphoid-tumor inhibition by homologous bone- 
marrow injections in irradiated strain C57BL mice. 


is tenable (x;=21.51, P>0.10). Thus the effect of delayed marrow 
injection may be considered in terms of doubling or halving the delay, 
rather than on the basis of time units such as days or hours. 

The sexes appeared to be essentially equally affected by delay in the 
receipt of bone marrow under these experimental conditions. It is of 
interest that a greater tendency of females to develop radiation-induced 
lymphomas is clearly brought out in this experiment. Earlier studies 
have revealed no sex difference in final tumor incidence in this strain except 
when quite large numbers of mice were used, in which case a small but 
significant indication of greater susceptibility in females was obtained (1). 
In text-figure 2, it may be seen that at each of the 9 delay levels the per- 
centage of females with tumors exceeds that of the males. The difference 
in susceptibility is measured by the horizontal distance between the two 
lines, which is 1.37 steps (a step being a doubling of delay) with a standard 
error of + 0.25 steps. The sex difference is therefore statistically sig- 
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TEXT-FIGURE 2.—Percent of tumor response (as 2 sin=! VP) plotted as a function 
of log-delay in injecting bone marrow into irradiated strain C57BL mice. 


nificant. Roughly, in order to reduce the incidence of tumors in females 
to that in males at this radiation dose level, it would be necessary to inject 
the marrow into females earlier by about 1.37 + 0.5 steps. 


Discussion 


The time required for the marrow to accomplish its inhibitory effect, 
measured from the time of its injection, is of course unknown, since the site 
and precise mechanism of its action are not established. The total time 
required for reversibility of tumorigenesis is thus actually the sum of the 
known delay of injection plus this unknown time increment. It seems a 
fair guess that this time interval for marrow action is of the order of min- 
utes, or at most a few hours, rather than a matter of days or even several 
hours; if, for example, this time interval were 6 hours then the logarithmic 
difference between 3 hours and 1% hours would actually be: 


log. (6+3)—log, (6+1%) =.263 
and the logarithmic difference between 2 days and 1 day would be: 
log, (48 + 6)—log, (24+6) =.848. 


But a good fit was obtained assuming these intervals to be equal logarith- 
mically, arguing strongly against such a long postinjection time interval 
for the action of the marrow. 

Over the range of time intervals studied (is day to 32 days) there was 
a gradual decrease in the inhibitory effect of injected bone marrow as the 
delay between last irradiation and injection was allowed to increase. 
After 16 to 32 days the inhibitory effect was essentially lost. 
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These results are most readily interpreted in terms of a gradual decrease 
in the probability that the marrow will successfully inhibit tumorigenesis. 
It is clear that however the injected marrow may interrupt and reverse the 
course of tumorigenesis, the time of this reversal must be early, a matter of, 
at most, days after the last irradiation. The probability that in a given 
animal the tumorigenic process is still reversible by marrow injection at 
any given time can be estimated from text-figure 2. 


Summary 


Groups of strain C57BL mice were given periodic total-body irradiation 
and injected intravenously with homologous bone-marrow cell suspensions 
at graded intervals of time thereafter. Lymphoid-tumor incidence was 
inhibited maximally under these conditions when injection was carried out 
within 1% hours after the last X-ray dose. Inhibition decreased in linear 
relation to log delay time and was essentially completely lost after a delay 
of about 16 days. It is inferred that the time when the potentiality of 
lymphoid-tumor development becomes irreversible in a population of 
irradiated animals is similarly statistically distributed, and it is suggested 
that the time required for the injected marrow to exert its inhibitory 
action, though unknown, is more likely of the order of minutes or perhaps 
a few hours rather than a matter of days or many hours. 

Of auxiliary interest is the distinct sex difference in susceptibility re- 
vealed under the conditions of this experiment. Females developed more 
tumors than males at all delay intervals studied, or viewed differently, 
they would require earlier marrow injection than males for equal tumor 
incidence, the difference being about 1.37 steps where a step denotes a 
doubling of the delay. 

References 


(1) Kapitan, H. S., and Brown, M. B.: A quantitative dose-response study of 
lymphoid-tumor development in irradiated C57 black mice. J. Nat. Cancer 
Inst. 13: 185-208, 1952. 

: Protection against radiation-induced lymphoma development by shield- 

ing and partial-body irradiation of mice. Cancer Res. 12: 441—444, 1952. 

: Further observations on inhibition of lymphoid tumor development by 
shielding and partial-body irradiation of mice. J. Nat. Cancer Inst. 12: 427- 
436, 1951. 

(4) Lorenz, E., Conepon, C. C., and Upnorr, D.: Prevention of irradiation-in- 
duced lymphoid tumors in C57BL mice by spleen protection. J. Nat. Cancer 
Inst. 14: 291-301, 1953. 

(5) Kapitan, H. S., Brown, M. B., and Pavuut, J.: Influence of bone-marrow in- 
jections on involution and neoplasia of mouse thymus after systemic irradia- 
tion. J. Nat. Cancer Inst. 14: 303-315, 1953. 

(6) Haup, A.: Statistical Tablesand Formulas. New York, John Wiley & Son, 1952, 
table 12. 


(2) 








(3) 


Vol. 15, No. 4, February 1955 











Nucleic Acid Content of the Thymic 
Cells of Normal and Irradiated C57BL 
Mice"? 


Patricia P. Wreyrmouts,? Norman E. DE .rFEt, 
Ruta J. Dosti, Hetene L. Steinsock, and 
Henry S. Kapuian, Department of Radiology, Stan- 
ford University School of Medicine, San Francisco, 
Calif. 


The biological system utilized in this investigation has previously been 
characterized as follows (1-3): Strain C57BL mice, which develop spon- 
taneous lymphoid tumors very infrequently,‘ may be induced to yield 
such tumors in high incidence 4 to 10 months after suitable doses of total- 
body X irradiation. The incidence of tumors is greatly decreased by 
shielding one thigh during irradiation; this inhibitory affect of shielding 
can also be produced by the intravenous injection of homologous bone- 
marrow cell suspensions into unshielded animals after irradiation. The 
tumors are all lymphosarcomas or lymphatic leukemias which almost in- 
variably originate in the thymus gland in this strain. In studies of the 
biochemical events of possible importance in the tumor-induction process, 
advantage may be taken of these phenomena in two ways: a) atten- 
tion may properly be focused on a single tissue, the thymus; and b) an 
internal control may be used to test the relevance of any biochemical 
aberrations encountered, by comparing the results in thigh-shielded (or 
marrow-injected) animals with those in unshielded irradiated animals. 

For many reasons, it seemed desirable to start with an investigation 
of the effect of irradiation on thymic nucleic acids. In our initial studies, 
a modification of the Schmidt-Thannhauser method (4) was used to obtain 
data on nucleic acid concentration, expressed as DNAP* and RNAP per 
mg. wet weight of thymus. Irradiation was followed by a sharp and 
sustained decrease in concentration of DNAP, with little or no change in 
RNAP concentration (5). It became apparent, however, that the results 
could not be interpreted in this form, because the concentrations of DNA 
and RNA might vary independently as a result of changes in tissue 
cellularity, hydration, and relative nuclear and cytoplasmic volumes. It 
was therefore decided to repeat this work on the basis of nucleic acid 


' Received for publication October 27, 1954. 

? This investigation was supported by grants-in-aid from the National Cancer Institute, National Institutes 
of Health, U.S. Public Health Service, and the Jane Coffin Childs Memorial Fund for Medical Reseach. 

3 Present address: Clarkson College, Potsdam, N. Y. 

§ The following abbreviations are used: DNA P=desoxyribonucleic acid phosphorus; RNAP=ribonucleic acid 
phosphorus; DNA =desoxyribonucleic acid; RNA#ribonucleic acid. The RNAP fraction also contains small 
amounts of phosphorus from phosphoproteins and possibly other sources. 
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content per cell. Two approaches have been employed: a) histochemical 
estimations of the DNA content of individual thymic cell nuclei stained 
by the Feulgen method have been made by Dr. William Carnes and his 
co-workers, using the microphotometric technique (6); and 6) chemical 
determinations of DNA and RNA in aliquots of counted thymic cell 
suspensions have been made, which permit calculation of average DNA 
and RNA content per cell. The present report is concerned with two 
such experiments in which different methods for measuring DNA and 
RNA have given similar results. 


Materials and Methods 


Strain C57BL mice of both sexes were randomized into three series: 
1) an unirradiated control group; 2) an irradiated unshielded group; and 
3) an irradiated thigh-shielded group. Treatment was begun when the 
mice were 33 + 3 days of age. Irradiation was given in 4 doses of 168 r 
each at intervals of 8 days, the last treatment therefore being given on day 
25. Physical factors and technique of irradiation were as previously 
described (3). 

In Experiment 1, groups of 6 to 14 animals from each of the three series 
were sacrificed at days 29, 42, 53, 65, 85, 99, and 120. In Experiment 2, 
equal numbers of male and female mice (usually 3 of each) from each 
series were sacrificed on days 26 (30 hours after the last irradiation), 30, 
45, and 106. 

The thymus of each mouse was rapidly dissected free of fat and con- 
nective tissue, weighed on a torsion balance, frozen with dry ice, and 
stored until use at dry-ice temperatures.’ In the irradiated groups of 
Experiment 2 at days 26 and 30, it was necessary to pool two thymus 
glands from mice of the same sex for each determination due to their low 
weight; all other determinations were done on single tissues. After 
thawing at 4° C., each thymus was pressed through an 80-mesh brass 
screen into iced Locke’s solution. The resulting cell suspensions were 
relatively free of clumping and matrix on microscopic examination. The 
number of cells per unit volume was determined in a hemacytometer, 
with 0.02-percent gentian violet in 3-percent acetic acid as the diluent. 
Over 500 cells were counted in each of two aliquots of each suspension. 
A third aliquot, containing the equivalent of 12 to 25 mg. of original 
tissue, was diluted with one volume of cold 95-percent alcohol and homog- 
enized in a glass microhomogenizer at 4° C. Lipids and acid-soluble 
components were removed by extraction once with cold 95-percent 
alcohol, twice with ether:alcohol (1:3) at 60° C., and three times with 
cold 5-percent trichloroacetic acid. 

In Experiment 1, nucleic acids were determined by a slight modification 
of the Schmidt-Thannhauser procedure, as previously described (6). 


§ Although pancreatic ribonuclease apparently remains active during tissue storage at subzero temperatures 
(Professor F, W. Allen—personal communication) there is no evidence that the corresponding enzyme in tissues 
other than pancreas behaves similarly. In any case, this possible source of error could have affected only the 
absolute values of RNA per cell, and not therelative amounts found in the thymus glands of the three groups, all 
of which were stored for the same duration. 
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However, the work of Drasher (7) and others emphasized the need for 
checking the accuracy of this method. Prior to Experiment 2, therefore, 
parallel aliquots of thymic cell suspensions were analyzed for DNA and 
RNA by the methods of Schmidt and Thannhauser, Ogur and Rosen (8), 
and Schneider (9). It was found that the “RNA” fractions obtained by 
the first two methods were contaminated to the extent of about 15 percent 
by material which gave the diphenylamine color reaction and was therefore 
presumably DNA. Accordingly, in Experiment 2 the nucleic acids were 
extracted by the method of Schneider (9). Aliquots of these extracts, 
containing the equivalent of 12 mg. wet weight of thymus per 0.1 cc., 
were analyzed for RNA by the method of Hahn and von Euler (10) using 
a ribose standard (Nutritional Biochemicals Company), and for DNA by 
the method of Dische (11) using commercial thymonucleic acid (Nutri- 
tional Biochemicals Company) as a standard, with a 10-minute heating 
period. For the measurement of optical density, the solutions were read 
in a Beckman model DU spectrophotometer using microcuvettes. 


As an appendix to Experiment 1, similar determinations were made on 
the C43 transplantable lymphosarcoma 15 days after subcutaneous 
implantation into 55-day-old C57BL mice. The uninvolved thymus of 
each tumor-bearing animal was used as a control tissue. 


Results 


The results of the two experiments are presented in tables 1 and 2, 
respectively. It may be seen that they are qualitatively quite similar. 
In view of the technical considerations mentioned above, however, the 
results of Experiment 2 are considered to be mare accurate. 

The amount of DNA per thymic cell in the nonirradiated control 
animals was essentially constant throughout the course of both experi- 
ments with the exception of the values for day 106, Experiment 2. It 
is felt that the higher values observed here were due to some bias in the 
cell preparation and counting procedure, since the amount of RNA per 
cell in the control group also appears to be somewhat elevated. There 
was a slight, but statistically nonsignificant elevation of DNA content 
in both irradiated groups. 

Over the age range studied, RNA content of the thymus cells of the 
control mice was essentially constant. Irradiation caused a striking 
change in average RNA content (text-fig. 1). Both the shielded and 
unshielded irradiated groups exhibited a twofold to threefold increase 
within the first few days after treatment. This abnormally high level 
of RNA content was sustained throughout the experiment in the un- 
shielded, irradiated animals. Induced tumors encountered in some of 
the unshielded mice near the end of each experiment also had signifi- 
cantly high values of RNA per cell. In the shielded animals, however, 
RNA per cell returned to normal by day 45. 

Earlier studies have revealed that thymic weight also returns to normal 
in the shielded animals at about the same time (text-fig. 2), through the 
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TABLE 2.—Average RNA per cell, DNA per cell and RNA/DNA values in thymus of 
strain C57BL mice (Experiment 2) 

















No. of . 
peter - - Thymic 
deter- | RNA/cell, DNA/cell + r - 

Day Group mina- | (mg.X 107%) (mg.X 10-%) RNA/DNA vaste 
tions mg. 

Control . 5 14+ 0.2* | 7.6 +4 0.4 0.18 + 0.02 64. 4 

26 . .| Unshielded . 5 3.0 + 0.3 8.7 + 0.7 0.34 + 0.02 17.3 
Shielded 7 4.8 + 0.5 9.7 + 0.5 0.49 + 0.04 15. 6 

Control .. 6 1.6 + 0.1 7.6 + 0.2 0.21 + 0.01 50. 8 

30 . .| Unshielded . 6 3.8 + 0.2 9.4 + 0.6 0.43 + 0.03 23. 8 
Shielded 6 2.8 + 0.4 7.4 + 0.2 0.38 + 0.06 27. 4 

Control ‘ 6 1.5 + 0.1 7.1 + 0.2 0.21 + 0.01 53. 2 

45 . .| Unshielded . 6 3.3 + 0.4 8.3 + 0.3 0.40 + 0.06 25. 2 
Shielded 6 1.7 + 0.2 7.2 + 0.3 0.24 + 0.02 53. 4 

Control .. 8 1.8 + 0.1 9.3 + 0.4 0.20 + 0.02 38. 8 

106 .| Unshielded . 8 3.2 + 0.8f | 8.9 + 0.4 0.35 + 0.05 54. 0 
Shielded 8 1.6 + 0.2 8.6 + 0.5 0.18 + 0.02 38. 7 


























*Figure following + sign is standard error of mean, given by 2 (z—z)? 
tT his group contained two thymic lymphosarcomas. \ N(n—1) 


influence of a radiosensitive material in bone marrow, some of which is 
protected in the femoral marrow of the thigh-shielded animals (3). In 
direct contrast, the unshielded irradiated mice exhibit a very slow recov- 
ery of thymic weight. The high mean thymic weight in this group at 
day 106 of Experiment 2 is due to the presence of early tumors in some 
mice of the group, and not to normal thymic regeneration. 

Since DNA per cell was essentially constant, the ratio of RNA to DNA 
follows the pattern of RNA per cell. As Davidson and Leslie (12) pointed 
out, when DNA per cell is constant, RNA per cell may be conveniently 
expressed in terms of this ratio, derived from tissue-concentration data, 
obviating the need for cell counts. Indeed, the ratios calculated from our 
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earlier data on thymic DNA and RNA concentration (5) are in good 
agreement with those obtained in Experiment 2. 

Preliminary data indicate that the intravenous injection of homologous 
bone-marrow cell suspensions after total-body irradiation results in a 
restoration of RNA content of the thymic cells to normal by about day 
45 to day 50, in essentially the same way as observed after thigh-shielding. 
Cell suspensions of the C43 transplantable lymphosarcoma exhibited 
levels of DNA per cell within the same range as those of the control 
thymus cells of the hosts, whereas RNA per cell in the tumor cells was 
greatly elevated, averaging about 900 percent of normal. 
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TEXtT-FIGURE 2.—Semilogarithmic plot of the RNA/DNA ratio and thymic weight of 
shielded and unshielded, irradiated mice expressed as percent of the control value. 


Discussion 


The shielded animals suffer the same initial radiation damage, but 
recover rapidly and do not develop the high incidence of tumors noted in 
the unshielded, irradiated animals. It seems reasonable to assume that 
comparison of these two groups might permit differentiation between the 
biochemical responses which result from nonspecific radiation effects and 
those which are related to the tumorigenic action of the X rays. The 
fact that the irradiated thymus cells of the unshielded mice exhibit a 
persistent elevation of RNA content may be intimately related to the 
lymphoid-tumor-induction process. 


Parallel histologic studies * of the thymus glands of shielded and un- 
shielded mice subjected to the same dose and technique of irradiation 
appear to correlate with the biochemical findings reported in this paper. 
The most prevalent cell in the normal thymus is the thymocyte, which is 
essentially indistinguishable from the small, mature lymphocyte. The 
thymic cortex is very densely packed with thymocytes, and they are also 
quite numerous in the medulla. Although they have a rather small nucleus, 
thymocytes have so little cytoplasm that the nucleus occupies most of the 
volume of the cell. In view of their overwhelming predominance in the 





¢H. S. Kaplan and M. B. Brown—unpublished observations. 
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normal thymus, it seems reasonable to attribute the low RNA/DNA 
ratio in the normal gland to a low RNA content in these cells, which is 
consistent with their minimal amount of cytoplasm. 

It has long been known that the thymocyte is exceedingly radiosensitive. 
Pyknosis and disintegration of these cells is prominent within 24 hours 
after irradiation. At 3 to 5 days, depending on X-ray dose, they are 
almost completely wiped out in the cortex, and very sparse in the medulla. 
Beginning at about 6 to 8 days after treatment, thymocytes rapidly re- 
populate both the cortex and medulla, and the over-all cellularity of the 
thymus soon returns to essentially normal levels. During the initial phase 
of injury, while the thymus is so markedly depleted of its dominant cell- 
type, the radioresistant cells which persist include epithelial and connective- 
tissue cells and macrophages, all of which have much greater amounts of 
cytoplasm than the thymocytes and may be presumed to contain more 
RNA. The increased RNA content of thymic cell suspensions within the 
first few days after irradiation may be regarded, therefore, as a biochemical 
expression of this striking, though transient, change in cell population in 
the irradiated thymus. 

The thymocytes which first reappear during the phase of regeneration 
resemble large rather than small lymphocytes, with a correspondingly 
greater diameter and distinctly more cytoplasm. In the shielded animals, 
this cell type is gradually replaced over a period of several days by the 
typical thymocyte or small lymphocyte and concurrently the mass of the 
gland increases to normal levels. In the unshielded, irradiated mice, 
however, the large thymocyte tends to remain the dominant cell-type for 
an indefinitely long interval. It is probable that these larger cells, with 
their more abundant cytoplasm, also contain more RNA than the small 
lymphocytes. If this is the case, their presence in large numbers would 
explain the sustained elevation of RNA content in the thymic cell suspen- 
sions from the unshielded irradiated group. Such an interpretation of the 
atypical RNA values, which links them to an altered thymic cell popula- 
tion, does not, of course, diminish the possible significance in tumorigenesis 
of either the biochemical or the histologic observations. 

On the basis of essentially indirect evidence, Caspersson (13) has 
suggested that RNA plays a role in protein synthesis. Direct experimental 
support for this view has come from the recent work of Gale and Folkes 
(14). Although their studies on disrupted staphylococcal cells in vitro 
establish protein synthesis as a function of RNA and DNA in bacteria, 
this conclusion cannot yet be extrapolated to mammalian-tissue cells. 
Nonetheless, they indicate the need for an investigation of protein syn- 
thesis in thymic cells of shielded and unshielded irradiated mice at the same 
time intervals as were used in the present experiments. In addition, it 
would seem necessary to determine whether a sustained elevation of RNA 
per cell occurs in the thymus only under circumstances which lead to tumor 
formation, and to exclude the possibility that a similar response may follow 
treatment with nontumorigenic thymolytic agents such as the adrenal 
oxy-steroids or testosterone. 
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It is is of some interest to compare our data with other published observa- 
tions. In Experiment 2, the mean value of DNA per cell for normal 
thymus (omitting day 106) ranged from 7.1 X 10~* to7.6 X 107° mg., which 
is slightly higher than the value of 6.5 X 10~° mg. per splenic-cell nucleus 
noted by Arnesen, Goldsmith, and Dulaney (15) and by Petermann and 
Schneider (16), using a procedure which involved isolation of cell nuclei. 
Davidson and Leslie (12), in a review of the literature to 1950, cite the 
figure 6.4 < 10-* mg. per nucleus as representative of normal thymus 
cells, presumably from calf thymus. 

Following irradiation, the cellular content of DNA fluctuated somewhat 
but did not deviate significantly from control levels. This confirms the 
earlier observations of Harrington and Lavik (17) that DNA per rat- 
thymus cell was essentially unchanged following an LD dose of radio- 
active phosphorus. An accumulation of pentose nucleotides in the cyto- 
plasm of irradiated normal and tumor cells was observed by Mitchell (18) 
several years ago, using ultraviolet microscopy. Recently, Gardella and 
Lichtler (19) reported that DNA content of ascites tumor cells remained 
unchanged over a 48-hour period following an X-ray dose of 1,000 r; 
RNA content was unaffected during the first 6 hours but had almost 
doubled by 17 hours after irradiation, a finding with which our data are 
in very good agreement. 

Finally, the question arises whether these patterns of nucleic acid con- 
tent also occur in other lymphomas and leukemias, and perhaps in other 
types of tumors. Carnes, Forker, and Lier (20) observed no significant 
difference between the DNA content of individual cells of early radiation- 
induced thymic lymphosarcomas and that of normal or irradiated thymus 
cells. Transplantable lymphosarcomas may or may not exhibit abnor- 
mally high levels of DNA. In the cells of the L #1 tumor, Carnes, 
Weissman, and Goldberg (21) observed by microphotometric analysis a 
high frequency of departure from normal diploid DNA content. This 
result has recently been confirmed for tumor L #1 by Shelton (22) and 
by Petrakis and Folstad (23); these investigators also studied another 
transplantable lymphosarcoma, L #2, the cells of which exhibited essen- 
tially normal DNA content. It would appear therefore that abnormal 
levels of ploidy with increase in nuclear content of DNA are not an essen- 
tial concomitant of the transformation of cells to malignant lymphocytes. 

The ratios of RNAP/DNAP calculated for tumors L #1 and L #2 from 
the data of Shelton (22) are 0.38 and 0.67, respectively, both of which 
are high in comparison with our values in normal thymus cells. Other 
investigators, using cell-fractionation techniques, have noted elevated 
levels of RNA per nucleus in leukemic spleen cells (16) and in an ascites 
lymphoma (24). Thus, the available evidence suggests that an increase 
in cellular RNA content may be a general characteristic of lymphosar- 
comas and lymphatic leukemias. There is little evidence on this point 
with respect to other types of neoplasms. During azo-dye carcinogenesis, 
however, low rather than high ratios of RNA/DNA in rat-liver cells have 
been reported (25). 
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Summary 


Young strain C57BL mice were divided into three groups: a nonirradi- 
ated control group; a thigh-shielded, irradiated group; and an unshielded, 
irradiated group. They were sacrificed at serial intervals for the deter- 
mination of RNA and DNA per cell in thymic cell suspensions. 

The level of DNA per cell did not vary significantly with age or treat- 
ment. RNA values per cell remained essentially constant with time in 
the control group. There was roughly a threefold increase in RNA per 
cell 1 to 5 days after irradiation, with a rather prompt return to normal 
in the shielded group. In contrast, the levels of RNA per cell, and the 
ratio RNA/DNA, remained elevated over the entire course of the experi- 
ment in the unshielded irradiated group. Inasmuch as the shielded 
animals are known to be refractory to thymic lymphoid-tumor develop- 
ment, whereas the unshielded irradiated animals are highly suspectible, it 
is suggested that the sustained elevation of thymic cell RNA content 
may be related in some fundamental way to the genesis of experimental 
lymphoid tumors. 

In parallel studies on the C43 transplantable lymphosarcoma, in which 
the normal thymus cells of the host C57BL mice were used as a control 
tissue, levels of RNA per cell as high as 900 percent of normal were 
noted. 
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Electron Microscopy of the Virus of 
Rabbit Fibroma’ 


Bo.ivar J. Luoyp, Jr. and H. Kauuer, 
National Cancer Institute,? 
Bethesda, Md. 


Electron micrographs of myxoma virus have appeared in a number 
of publications (/-4), but heretofore there has been no publication of 
electron micrographs of the closely related virus of rabbit fibroma. 
Paschen (5) published an optical micrograph of the elementary bodies of 
fibroma. Because of the close immunological relationship of myxoma to 
fibroma viruses (6), as well as the Berry-Dedrick transformation (7, 8), 
it is of interest to determine whether the fibroma virus resembles the 
myxoma virus morphologically. For this purpose, the virus of the rabbit 
fibroma was examined in both the isolated state and in tissue sections. 


Materials and Methods 


a) Isolated particles—Domestic white rabbits were inoculated with 
virus derived from material® originally isolated by Kilham (9) from wild 
cottontail rabbits trapped in Maryland. After 5 to 15 days the resulting 
fibromas were harvested. Fibroma tissue, weighing 5 grams was homog- 
enized in a Waring blendor for 5 minutes with 100 ml. of phosphate- 
citrate buffer, pH 7. The resultant suspension was then cleared of 
tissue debris in a centrifuge operating at 2,000 g for 5 minutes. The 
procedure described by Dawson and McFarlane (10) and Farrant and 
Fenner (3) was then followed. This involved the treatment of the 
virus for 3 days with 1 M NaCl at 4° C., followed by washing in the 
preparative centrifuge. In the final step the virus was dispersed in solu- 
tion by exposing it to 9,000 cycles of sonic vibration for 5 minutes. While 
this procedure was ineffective in purifying fibroma virus to the extent 
claimed by Dawson and McFarlane, and Farrant and Fenner, for vaccinia 
and myxoma, it yielded a sufficient number of isolated particles for the 
purpose of study with the electron microscope. 

The final dispersion of fibroma virus was added in small drops to formvar- 
supporting films. To some of these an equal volume of 2-percent osmium 

1 Received for publication October 14, 1954. 
3 National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 


3 The fibromas were donated by Dr. Lawrence Kilham, whose interest in the characteristics of the virus resulted 
in this study. 
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tetroxide solution was added. After drying, the specimens were washed 
with distilled water and shadowed with chiomium. 

b) Tissue sections.*—Small pieces of fibroma from domestic white and 
wild cottontail rabbits, as well as normal skin tissue from white rabbits, 
were immersed in cold 1-percent osmium tetroxide solution buffered with 
veronal-acetate at pH 7.2 for 24 hours. The tissues were then dehydrated 
with alcohols and embedded in a medium consisting of 5 parts n-butyl 
methacrylate and 1 part methyl methacrylate monomer to which 2- 
percent Luperco was added as a catalyst. Sections were cut with a 
modified Minot microtome, set to cut at approximately 0.025 microns. 
The embedding medium was not removed after slicing. 


Results 


Photographs of isolated particles with no osmic acid are shown in 
figure 1. These particles have a morphology similar to that described 
for myxoma virus and vaccinia (1-3). The dried particles have a cross 
section that varies from an irregular circle to a rectangle, usually with 
rounded corners. Within the particles is a region of higher scattering 
power than the remainder of the structure. This region is usually cen- 
trally located, though in some particles it is near the periphery of the 
particle. 

Photographs of isolated particles treated with osmic tetroxide (fig. 2) 
indicate that this treatment causes an unevenness of the surface which 
is not present in the untreated particles. 

Measurements on 40 shadowed particles with no osmic fixation gave 
a size of 269 X 310 mu, while the average dimensions of 40 particles fixed 
with osmic acid were 244 * 283 my. This is similar to the value 230 x 
286 my obtained for myxoma by Farrant and Fenner (3) on osmic-fixed 
material. 

The shadow lengths for both fixed and unfixed specimens corresponded 
to a particle height of 110 my, which is somewhat higher than the myxoma 
value of 75 mu (8). 

An electron micrograph of a thin slice of fibroma tissue from a cottontail 
rabbit, harvested 50 days after inoculation (fig. 3), shows the presence 
of inclusion bodies in the cytoplasm, confirming Fisher’s observations (11). 
These bodies appear to be relatively structureless and of various sizes 
and shapes. 

Electron micrographs of younger specimens from a cottontail rabbit 
(harvested 15 days after inoculation) reveal a high concentration of virus 
in the cytoplasm (fig. 4). Many of these virus particles give the appear- 
ance of having an outer wall of denser structure than the interior, with 
round to oval cross sections. These particles appear to be similar in 
size to the isolated particles previously described. On the other hand, 
virus particles in tissue sections have a more rounded appearance than 
isolated particles. 


4 These specimens were prepared for us by Dr. A. J. Dalton of this Institute. 
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Electron micrographs of thin slices of the control tissue (normal skin 
from a white rabbit) indicate that no virus or inclusion bodies similar to 
those found in fibroma tissue are present. 


Discussion 


The preceding results indicate a morphologic similarity in rabbit 
fibroma virus, rabbit myxoma virus, and the pox viruses. Fibroma virus 
in tissue sections is ovoid in shape with a “nucleus” and a limiting mem- 
brane, while in the isolated state many of the particles have a brick- 
shaped structure with a dense “nucleus.” 

The intracytoplasmic inclusions were found in both the domestic and 
the cottontail rabbits. They showed little or no internal structure and 
no evidence of virus was present within them. They varied greatly in 
size, shape, and number present in each cell. However, when many 
inclusions were present in the cytoplasm, few virus particles were seen. 

The fibroma virus in the tissue sections has an appearance similar to 
that described by Gaylord and Melnick (12) for intracellular forms of 
pox virus. 

Summary 


1) The rabbit fibroma virus was isolated by differential centrifugation 
and sonic treatment. 

2) Electron micrographs indicated the osmic-fixed preparations had 
dimensions similar to those of fixed myxoma virus. Nonfixed prepara- 
tions had dimensions about 10 percent larger than the fixed material. 

3) Inclusion bodies were visible in the cytoplasm of sectioned tissue. 

4) High concentrations of virus particles in sliced tissue were demon- 
strable. 
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PLATE 58 


FicureE 1.—Isolated virus of rabbit fibroma without osmic fixation. Regions of high 
scattering power within particle can be seen. XX 35,000 
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PLATE 59 
Figure 2.—A clump of osmie-treated virus particles of rabbit fibroma. Granularity 


of virus surfaces is visible which is absent in figure 1. < 27,000 


Figure 3.—Cytoplasmic inclusions of various sizes and shapes in a thin section from 


a cottontail rabbit. 8,000 
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PLATE 60 


Figure 4.—Virus particles in the cytoplasm of two adjacent cells. Sectioned virus 
appears to have a low density interior. X 16,000 





JOURNAL OF THE NATIONAL CANCER INSTITUTE, VOL. 15 PLATE 60 


Lloyd and Kahler 























The In Vitro Initiation of Pulmonary 
Adenomas in Fetal Mouse Lung by a 
Single Exposure to Ultraviolet Irradi- 
ation of Wavelength 2,537 A*? 


STANFIELD Rocers, Department of Pathology, Duke 
University School of Medicine, Durham, N. C. 


The in vitro initiation of pulmonary adenomas in mouse lung tissue 
with methyl bis(§-chloroethyl)amine hydrochloride has been found to 
have several characteristics in common with the initiation of mutation in 
the lower organisms (1). In Neurospora crassa, Kolmark and Wester- 
gaard (2) have demonstrated that precisely the same mutations may be 
produced by a single brief exposure to either this nitrogen mustard or to 
ultraviolet irradiation of a wavelength of 2,537 A. This region of ultra- 
violet generally has been found to be that with the greatest mutagenic 
activity (3). In contrast, mixed wavelengths (2,800 to 3,400 A) have 
been found the most effective in the production of skin tumors (4). This 
is thought to be, at least in part, the result of the absorption of 2,537 A 
of irradiation by the superficial layers of the skin, so that little reaches the 
proliferating basal layer (5) and also in part to the growth-promoting 
activity of the longer wavelengths (4). This latter is particularly perti- 
nent as previous demonstration of the oncogenic effects of ultraviolet 
radiation has always required repeated exposures over a period of many 
weeks. 

It was determined to find whether a single in vitro exposure of mouse 
lung tissue to ultraviolet radiation of a wavelength of 2,537 A would 
suffice to initiate pulmonary adenomas in mouse lung tissue. 


Materials, Methods and Results 


Strain BALB/c and strain A mice were used. The former were procured 
originally from the stock of Dr. Peyton Rous of the Rockefeller Institute 
for Medical Research, New York City, and bred since in this laboratory. 
Their characteristics have been previously reported upon, both in relation 
to spontaneous-tumor incidence and the characteristics of the lung tissue 
upon implantation into other animals of the same strain (6). No spon- 
taneous adenomas in the lungs of intact mice have been seen up to at least 
an age of 6 months. In many implants of this sort no spontaneous tumors 

1 Received for publication September 29, 1954. 


? This institution was supported by a research grant, C-1741, from the National Cancer Institute of the National 
Institutes of Health, U. 8. Public Health Service. 
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have been found on examination in serial section within 10 months of the 
time of implantation of fetal lung tissue (7). The A strain has been widely 
used in the study of pulmonary adenomas of mice, and their characteristic 
of being among the most responsive of mouse strains for the elicitation of 
pulmonary adenomas with oncogenic agents is well known. A breeding 
stock of this strain was procured from the Roscoe B. Jackson Memorial 
Laboratory, Bar Harbor, Maine. The fetal lung tissue used in these 
experiments was procured and implanted by the general methods out- 
lined by Rous and Smith (8). The ultraviolet light source used was a 
Mineralight, manufactured by Ultraviolet Products, Inc., South Pasadena, 
California. According to the manufacturer, 89.7 percent of the light 
emitted from these units is monochromatic and of a wavelength of 2,537 

Less than 3 percent is 3,000 A and over. The intensity of irradiation 
of this individual unit at the 5-centimeter distance employed is 1,100 
micro watts per square centimeter. 


Experiment 1.—Ten strain BALB/c fetuses, measuring 17 to 19 mm. 
crown-rump and of an estimated 16 to 18 days’ gestation, were obtained 
from two pregnant females. Their lungs were excised, pooled, and hashed 
between knife blades into fine fragments in Ringer’s solution. These hash- 
ings varied in size from single cells to lung fragments up to about 1/5 mm. 
across. After hashing, the lung fragments were divided into two equal 
parts, placed in separate petri dishes and covered by a film of oxygenated 
Ringer’s solution. This film was less than 1 mm. in thickness. The lung 
fragments in one of the dishes was then irradiated in a dark room for 15 
minutes at 5 cm. from the light source. During the period of irradiation 
the petri dishes were agitated every 3 to 4 minutes. At the end of the 
period of exposure the lung fragments from both the irradiated and non- 
irradiated groups were each suspended in 2 cc. of fresh Ringer’s solution. 
The tissue suspensions were then implanted in opposite posterior thighs 
of 10 young adult strain BALB/c mice. In each implantation 0.2 cc. of 
the tissue suspension were used. Two of the implanted mice were dis- 
carded early in the experiment because of possible intercurrent disease. 
Two months after implantation the 8 remaining animals were killed and 
the implants examined microscopically in serial section for the occurrence 
of tumors. The results were recorded without knowledge by the inves- 
tigator of the group from which the implants came. 

The tissue grown from the lung hashings exposed to ultraviolet irradia- 
tion developed 7 typical pulmonary adenomas, these being distributed 
among 6 of the 8 implants. No adenomas were found in the implants of 
the nonirradiated tissue carried in the opposite thigh of the same individ- 
uals in which the irradiated tissue was grown. 

This finding was confirmed in another strain of mice in the following 
experiment. 


Experiment 2.—Seventeen strain A fetuses were obtained from 2 preg- 
nant females. The mice of one of these litters were 8 in number, measured 
12 to 15 mm. crown-rump, and were of an estimated 14 to 15 days’ gesta- 
tion. Those of the other litter were 9 in number, measured 22 to 24 mm. 
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crown-rump, and were estimated to be at term. Their lungs were excised, 
pooled, and hashed into fine fragments as before. After hashing, the 
thoroughly mixed lung fragments were divided into four equal lots which 
were placed in separate petri dishes and covered with a film of Ringer’s 
solution. This film was less than 1 mm. in thickness. The tissue in three 
of the petri dishes was irradiated: one for 15, one for 30, and one for 60 
minutes. The tissue in the fourth petri dish was not irradiated. The 
distance from the ultraviolet source was 5 centimeters. All were agitated 
every 3 minutes. The tissues were then implanted as before into the 
posterior thigh muscles of 10 young adult strain A mice, the tissue from 
each individual lot being in one thigh of 5 of these mice. The opposite 
thigh of these individual mice was implanted with the tissue from another - 
of the lots. Two months after implantation the animals were killed and 
the implants examined for tumors. 

The 5 implants of each tissue irradiated for 15, 30, or 60 minutes con- 
tained, respectively, 3,3, and 2 pulmonary adenomas. These tumors were 
dispersed singly among the positive implants. No adenomas were found 
in the implants of tissue which had not been irradiated. 

The aggregate amount of tissue growing from the nonirradiated lung 
implanted was at least twice that of the aggregate of tissue growing from 
the tissue irradiated for 60 minutes. The aggregate size of the implants of 
tissue irradiated for 15 and 30 minutes was roughly proportionately 
intermediate. This manifest lethal effect of increasing the dose of irradi- 
ation at the intensity used speaks for effective penetration of the tissues. 
However, under the conditions of time and intensity used, the variation in 
the amount of surviving irradiated tissue prohibits interpretation of the 
result in terms of the relative effect of the duration of irradiation upon the 
degree of the oncogenic response. 

No significance is attached to the difference in responsiveness between 
the two mouse strains (Experiments 1 and 2), both because of the small 
number of animals which may be compared and the fact that tissues of 
strain BALB/c mice grow better on transplantation than do those of 
strain A animals of the stock used. 

Experiment 3.—An experiment similar to Experiment 2, but in strain 
BALB/c animals, yielded results essentially similar to those of the other 
two experiments and further confirmed the oncogenic effect of brief in 
vitro exposure to ultraviolet irradiation. Lung hashings from eight 4-day- 
old, strain BALB/c animals irradiated for 15, 30, and 60 minutes and 
implanted as usual, yielded respectively, 7, 3, and 4 adenomas. These 
tumors were distributed among implants carried by 14 mice of strain 
BALB/c. The aggregate growth of the lung tissue irradiated for 30 and 
60 minutes was again considerably less than that irradiated for 15 minutes. 


Summary 


A single in vitro exposure of mouse lung tissue to ultraviolet irradiation 
of a wavelength of 2,537 A initiates neoplastic change. Tumors occurred 
in the exposed lung tissue implanted intramuscularly in mice of the strain 
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of origin. In the short interval allowed for manifestation of the tumors in 
implants of the exposed tissue, pulmonary adenomas were the only 
neoplasms found. 


(1) 
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Spontaneous and Radiation-Induced 
Pituitary Adenomas of Mice”? 


Artuur C. Upton and Jacos Furtn,** 
Biology Division, Oak Ridge National Laboratory, 
Oak Ridge, Tenn. 


Tumors of the pituitary gland arise in certain instances when the 
“hormonal balance” between the hypophysis and its target organs is altered 
(1). The development of such neoplasia after thyroidectomy has been 
reported to be promoted by ionizing radiation (2). Pituitary tumors may 
also develop after whole-body irradiation alone but have been noted 
infrequently (3) until their occurrence in large numbers of LAF; mice 
irradiated by a nuclear detonation (4, 5). Detailed observations of these 
tumors form the basis of the present report. 


Methods 


Male and female LAF, [(C57L X A)F,] mice, 6 to 12 weeks old, were 
exposed to ionizing radiations from a nuclear detonation. The animals 
were stationed at various distances from ground zero within thin-walled 
aluminum chambers that protected them from thermal and mechanical 
injuries. The radiations were predominantly (over 90%) gamma rays, 
with a smaller component of fast neutrons, the neutron/gamma ratio 
varying with the dose. The doses and numbers of mice exposed are 
summarized in table 1. Details of the dosimetry will be given in a subse- 
quent report.® 

Approximately 1 month after irradiation the surviving animals were 
transported to Oak Ridge. There, individually caged and distributed at 
random in an air-conditioned room, they were observed until natural 
death, a few being sacrificed in extremis. Post-mortem examinations were 
performed on all mice, and histologic studies were carried out as required 
for investigation of special problems or to establish major pathologic 
diagnoses. All animals were preserved in Kaiserling’s solutions, and 
tissues were fixed in Zenker-formol. Of the more than three thousand 

! Received for publication October 15, 1954. 

? Work performed under Contract #W -7405-eng-26 for the Atomic Energy Commission. 

3 Present address. Children’s Cancer Research Foundation, 35 Binney Street, Boston, Mass. 

‘ The authors gratefully acknowledge the technical assistanve of W. D. Gude, F..F. Farbstein, E. S. Ledford, 
and J. R. Thomson. 


5 We are crateful to many members of the Armed Forces and Atomic Energy Commission laboratories for the 
breeding and irradiation of the mice and their transportation from field laboratories. 
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mice autopsied, a small number remain to be examined histologically; thus 
a few pituitary tumors may be discovered on microscopic study in addition 
to those reported. 

Results 


Longevity.—Data on the survival of the irradiated mice are summarized 
in table 1. The LD, per 30 days was approximately 755 r. Shortening 
of life occurred in proportion to the dose of radiation received, significant 
reduction of longevity resulting even from the lowest dose studied, 7.e., 
192 r. Males survived slightly longer than females. Among the major 
observed causes of death were leukemia, ovarian tumors, mammary gland 
tumors, and nephrosclerosis, which have been described briefly in a 
preliminary report (5); these bore no discernible relation to the occurrence 
of pituitary tumors. 


TABLE 1.—Pituitary tumors and longevity in irradiated mice 





Z Incidence of pituitary tumors 
Mean survival) 









































(month) t 
—— Number | Males Females 
(r) exposed * 
3 9 Num-| Per- cory Num-| Per- — 
ber | centt Fw ber | centt death 
| Months Months 
812-841.... 440 19 14 0 de EEE 0 en ee ree 
759-785.... 440 19 16 3 5 20 0 _ fk Se 
711-733.... 440 21 17 2 2 20 15 13 21 
631-687.... 440 23 18 7 4 23 18 12 21 
491-556.... 440 25 22 4 2 22 31 17 24 
367-424. ... 440 27 27 1 1 29 10 13 23 
287-318. ... 440 28 24 6 3 30 19 9 26 
ae 220 29 25 1 1 39 7 7 26 
eae oe 620 30 28 3 1 37 12 4 31 
*Approximately half males and half females. 
tLongevity of mice received at Oak Ridge; does not include acute (30-day) mortality. 
tPercentage of those surviving one year postirradiation (approximate time of appearance of first pituitary 
tumors). 


Incidence of pituitary tumors—The frequency of pituitary tumors 
varied with tbe dose of radiation (table 1) and was approximately five 
times greater in females than in males. The neoplasms developed late 
in life, the earliest appearing 10 months after exposure, and their rate of 
occurrence increased with age. Pituitary tumors occurred earlier in 
irradiated mice than in controls, as a function of the dose (text-fig. 1). 
Tumors were not observed in females exposed to doses above 733 r or in 
males surviving doses above 785 r, owing probably to the relatively early 
death of mice exposed to such large amounts of radiation. 

Gross observations.—The tumors of the pituitary were spheroid, reddish- 
brown, soft, and hemorrhagic. When less than 3 mm. in diameter, a 
tumor usually appeared as a solitary, discrete nodule lateral to the mid- 
line; when larger, it tended to fill and erode the sella, obliterating the 
normal hypophysis and its stalk; indenting and compressing the overlying 
brain (figs. 1 and 2). [The gross anatomy of the hypophysis of the mouse 
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TEXT-FIGURE 1.—Pituitary tumors in relation to dose of radiation and time after 
exposure: * Incidence of mice dying with tumors expressed a percentage of the 
population surviving. 


has been described by Dickie and Woolley (6).] Many tumors exceeded 
5 mm. in greatest diameter; the largest measured 13 mm. in diameter. 
There was no correlation between the size of the tumor, and dose of radia- 
tion, age at death, or sex. 

Miscroscopic observations.—The tumors, stained by Gude’s modification 
(7) of the Martins-Mallory trichrome stain (acid fuchsin, aniline blue, 
orange G, and hematoxylin), were monomorphous and composed of cells 
predominantly lacking in chromophilic cytoplasmic granules; in most of 
the neoplasms, however, most tumor cells contained variable numbers of 
acidophilic granules, those highly granulated resembling the alpha cells or 
acidophils, of the normal gland (fig. 9). Coarse granules which stained 
pinkish-orange with acid fuchsin and orange G were usually present within 
the cytoplasm; these were most numerous in the region of the Golgi 
apparatus and were larger than the more intensely fuchsinophilic granules 
of the normal alpha cells. In no instance were tumor cells observed to 
contain cytoplasmic granules staining with aniline blue, the periodic 
acid-Schiff procedure or aldehyde fuchsin. The cells were spheroid to 
polyhedral and variable in size but uniformly larger than most of the 
normal cells of the anterior lobe. The negative Golgi image was large 
and conspicuous, forming a clear ring within the cytoplasm (fig. 9). 


Vol. 15, No. 4, February 1955 









































1008 UPTON AND FURTH 


The nucleus was large and usually round or ovoid, with several prominent 
fuchsinophilic nucleoli. Folded, indented, or lobed nuclei were commonly 
observed. Atypical, hyperchromatic, and giant nuclei were also relatively 
common (fig. 3), and multinucleate tumor cells were noted occasionally. 
Mitoses were rare. 

The tumor cells were arranged in two major histologic patterns: In 
solid nests (figs. 4 and 10) or surrounding blood-filled spaces; in the latter 
case the cell nucleus was oriented toward the basement membrane and 
the Gogli body toward the cavity (fig. 11). The smaller adenomas 
exhibited a cystic architecture predominantly, while in the larger, solid 
tumors this pattern was present only in small foci, usually at the periph- 
ery. Congestion and cavernous dilatation of the tumor cysts were 
observed commonly (figs. 5 and 6), often associated with regional necrosis 
of the neoplasm, hemorrhage, and hematoma formation. The growths 
were not encapsulated, and the tumor cells infiltrated adjacent portions 
of the anterior lobe. Invasion of the pars intermedia, hypophyseal stalk, 
or brain were rarely noted; however, erosion and infiltration of the sella 
turcica were seen relatively commonly (fig.7). The occurrence of multiple 
adenomata in a single gland was not observed. 

Other pituitary changes.—The portions of the anterior hypophysis not 
invaded by neoplastic cells manifested changes that were also observed 
in aging controls; these appeared to be accentuated by irradiation and 
were more marked in females than in males. The alpha cells were reduced 
in size and relative number and their granules appeared somewhat coarser 
and more sparse than normal. In a small percentage the degranulation 
was nearly complete. The nuclei of the alpha cells were highly irregular 
in shape, elongated, folded, or lobed (fig. 8), and in some cells atypical 
division was suggested by such abnormalities as nuclear bridging (fig. 12). 
Multinuclear cells were common, but mitoses were rarely observed. 
Hyperchromatic or pyknotic nuclei were often noted. The nucleoli were 
generally increased in number and enlarged, as was the Golgi apparatus, 
which usually appeared as a doughnut-shaped clear ring adjacent to the 
nucleus. Gamma cells (chromophobes) appeared to be increased in size 
and number, and many were vacuolated; there was also enlargement of 
the nucleus and increase in the size and number of nucleoli. Beta and 
delta cells (basophils) were reduced in number. The latter often con- 
tained many vacuoles and exhibited prominent and enlarged fuchsino- 
philic granules, believed to represent mitochondria, in the cytoplasm. 
Crooke cells were not observed. 

Small cysts filled with aniline-blue-staining colloid and lined by flattened 
cells were noted occasionally in tumor-bearing pituitaries and with about 
equal frequency in the non-neoplastic hypophyses of aging controls. 
Vacuolation of the cytoplasm was prominent in the basophils of the pars 
intermedia in old mice. No abnormalities were observed in the pars 
nervosa. 


Relation of pituitary tumors to changes of other organs.—The incidence of 
coexisting tumors of other endocrine glands and of the breast is shown in 
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table 2. Aside from ovarian neoplasms, which were present in more 
than 60 percent of all irradiated females, tumors of other endocrine or 
target organs were relatively uncommon and their frequency was slightly 
if at all affected by pituitary growths. 

Hyperplasia of mammary ductal epithelium, alveolar growth, and in- 
creased secretory activity were observed in only two male mice with pitui- 
tary neoplasia, both of which had adenomas of the adrenal cortex, but 
such mammary gland changes were common in aging females and greatly 
exaggerated in those with pituitary tumors. Fibroadenomas, however, 
were but half as common in animals bearing pituitary tumors. 

The thyroid and parathyroid glands appeared normal in all but a few 
mice; however, the incidence of adenomas of the thyroid was nearly 
doubled in animals with pituitary tumors. 


TABLE 2.—Changes in endocrine glands and their target organs associated with pituitary 

















tumors 
Females Males 
Organ and effect | With Without With Without 
| pituitary | pituitary | pituitary | pituitary 
| tumor | tumor tumor tumor 
Breast 
Hyperplasia and lactation, degree*.| +++ | + Ot 0 
Fibroadenoma, %f..............-. | 0.6 1.3 0 0 
Adrenal cortex 
MEI, GHAR. 5. 6 oo ccecrwsaaes | ++§ oe San ++ 
Adenoma, o% Trg asta) abery laa dela orete aoa 7.2 5.2 15.1 11.9 
Thyroid gland 
REROEETT, GHRINB . 0 5 5 6. viene cvcccas + = + 4 
SIN are car's) ac areiir'eintae <i 3.2 1.4 0 0 
Submaxillary gland | 
PY ON a sn dese saree awwas 37 48 97 96 
Uterus 
IE, SIE 5 556. ode cose bons | +++ se ce OO, er rn 
Seminal vesicle 
ree Ds aiaisee ace Arete live eine wieee + + 
Testis 
Spermatogenesis, degree.......... RES OU ne SMe ree es ae ee +4 ++ 
Ovary | 
Predominantly luteoma, %....... 42 51 
Predominantly granulosa-cell tu- | 11 9 | 
mor, %. | 
Predominantly other type tumor, 11 5 
0- 








*Average degree of change, 0 to +++. 

tHyperplasia and secretion were present in 2 males with adrenocortical adenomas. 

tPercentage of all tumor-bearing animals and of an equal number of non-tumor-bearing mice of corresponding 
age, sex, and dose of radiation. 

§Slight hyperplasia of zona fasciculata present in 2 mice with ACT H-secreting pituitary tumors (see text). 


The adrenal glands of aging mice manifested varying degrees of cortical 
atrophy, which bore no discernible relation to the presence of pituitary 
neoplasia; the atrophy, however, developed earlier in the heavily irradiated 
mice than in controls, corresponding to the earlier appearance of pituitary 
tumors and to the reduced longevity observed at high dose levels. In 
both sexes it consisted of a thinning of the zona fasciculata, owing to 


Vol. 15, No. 4, February 1955 



















































1010 UPTON AND FURTH 


decrease in size and number of cells, associated with loss of cytoplasmic 
neutral fat. In all females there was degeneration of the X zone. In 
two mice having pituitary tumors that secreted ACTH, as indicated by 
transplantation and bioassay of the removed neoplasms (8), the zona 
fasciculata was slightly thickened, and its cells were enlarged and finely 
vacuolated [type C cells of Deane et al. (9)]. Adrenocortical adenomas, 
composed of large, pale cells similar to those described previously by 
Woolley and Little as Type “B” cells (10), occurred relatively rarely 
(table 2); they were somewhat more common in males than in females. 
Their incidence appeared to be slightly greater at high than at low dose 
levels but could not be correlated with the presence of pituitary growths. 
Other types of adrenal tumors were not observed. 

Gonadal changes were not observed in the male mice, except for moder- 
ate testicular atrophy in old age; however, spermatogenesis persisted until 
death, and no abnormalities of the Leydig cells were noted. In females, 
ovarian tumors developed in most of the irradiated mice (table 2) irrespec- 
tive of dose throughout the range studied. These were predominantly 
of the type designated luteoma on the basis of earlier morphologic and 
physiologic studies (11). Mice bearing luteomas commonly manifested 
progesterone secretion, as indicated by masculinization of the submaxillary 
gland (11), while those with granulosa-cell tumors usually exhibited evi- 
dence of estrogenization in the submaxillary gland and uterus. Also 
observed were a variety of other types of ovarian tumors similar to those 
in irradiated mice described previously (12). There was no discernible 
relation between the occurrence of pituitary or adrenal tumors and the 
gonadal changes just reported. Correspondingly, the uterus did not 
appear to be influenced by changes of organs other than the ovary; how- 
ever, hydrometra occurred more commonly in aging nonirradiated females 
than in those exposed to radiation or bearing pituitary tumors. 

Significant changes in other organs were not detected, except for an 
islet-cell adenoma of microscopic size occurring in a female mouse that 
received 314 r and died at 20 months of age. The animal had a pituitary 
tumor which was found on transplantation and bioassay to secrete ACTH 
(8); its adrenals exhibited slight hyperplasia of the zona fasciculata. 


Discussion 


Relation of pituitary tumors to aging.—The pathogenesis of these pitui- 
tary adenomas is not clear. The high-incidence rate of spontaneous neo- 
plasia of this type in aging controls suggests that the tumor-inducing action 
of radiation may be related to acceleration of a process associated with 
aging rather than to a specific carcinogenic mechanism. Adenomas of 
the anterior hypophysis, formerly considered rare, have been recognized 
in recent years to develop not uncommonly in old age. Thus, Costello 
found adenomatous proliferation in 225 of 1,000 human pituitaries exam- 
ined histologically, the incidence being maximal after age 50 (13). Sim- 
ilarly, Wolfe et al. (14) observed pituitary neoplasia to be relatively com- 
mon in aging rats of two strains. Accordingly, the frequency of hypo- 
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physeal tumors in the aging mice of this study is not altogether surprising. 
The paucity of reported spontaneously occurring pituitary neoplasia in 
mice (15, 16) is attributable in part to the probable existence of genetic 
differences in predisposition to develop such tumors, as suggested by the 
varying susceptibility of different strains of mice to induced pituitary 
neoplasia (6,17). Itis also attributable to insufficient study of the hy- 
pophysis in mice of advanced age, the earliest tumors being observed in 
the nonirradiated females and males of this series at 26 and 33 months of 
age, respectively. 

Classification of tumor cells —The cells comprising the adenomas were 
predominantly chromophobic and, to a lesser extent, acidophilic; they 
differed, however, from normal alpha (acidophil) and gamma (chromo- 
phobe) cells in marked enlargement, hypertrophy of the nucleus, and 
hypertrophy and hyperplasia of the nucleoli. Coarse, pinkish-orange 
granules were present in the cytoplasm (staining with acid fuchsin and 
orange G) similar to those observed in degranulated acidophils of rats 
treated with estrogen (18). The negative Golgi image was enlarged and 
resembled that observed in degranulated acidophils of aging controls. 
Similar cells have been observed in pituitary tumors of rats, associated 
with evidence of lactogenic activity (19, 20), and are distinguishable from 
the alpha cells, or traditional acidophils, by their morphology and stain- 
ing properties. Such cells have been demonstrated in a variety of species 
(21-25) and are designated by Romeis (23) and by Goldberg and Chaikoff 
(25) as epsilon cells. Their proliferation in lactating rats suggests that 
they are the source of prolactin (24); an hypothesis consistent with that 
of Pearse, who believes that both the lactogenic and growth hormones are 
elaborated by acidophils (26). Although it has not yet been possible 
under ordinary conditions to differentiate tinctorially epsilon cells from 
alpha cells in the hypophysis of the mouse, in the pituitary glands of 
lactating mice proliferation of degranulated acidophils which are cytolog- 
ically similar to epsilon cells has been noted (27). Such cells resemble 
those of the tumors reported above. They have also been observed in 
aging mice, associated with alterations of the alpha cells, such as, degranu- 
lation, basophilia of cytoplasm, and hypertrophy of mitochondria and 
Golgi apparatus. Such changes, commonly interpreted as evidence of 
heightened secretory activity (18), were accompanied by hypertrophy 
and hyperchromatism of the nucleus and nucleoli, with the frequent 
occurrence of giant, folded, and lobed nuclei and of multinucleate cells. 
Similar nuclear alterations in proliferating pituitary cells have been 
attributed to amitotic cell division or faulty mitosis (6, 26); the latter 
explanation is favored by the observation of nuclear bridging (fig. 12). 

Gonadal factors in pituitary tumorigenesis——Morphologically, the 
pituitary adenomas observed in this study are similar to some of the tumors 
noted in rats after prolonged administration of estrogen (19, 20) and in 
old age (14, 20). The pathogenesis of estrogen-induced pituitary tumors 
has been reviewed by Gardner (1) and by Bielschowsky (20), who report 
that in some instances the tumors behave as “conditioned neoplasms” 
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(29) undergoing regression upon withdrawal of the estrogenic stimulus. 
That the tumors in the present study were induced by endogenous estrogen 
would seem doubtful in the light of the appearance of secondary sexual 
organs. In males, with or without pituitary tumors, the seminal vesicles 
were usually only slightly atrophic and seldom distended; in females the 
uterus was almost always atrophic, except in the presence of a function- 
ally active ovarian tumor. The submaxillary glands were masculinized 
in about one-third of the tumor-bearing females (attributable to coexisting 
luteomas) and in all the tumor-bearing males examined except one which 
had a coexisting adrenocortical adenoma. Non-tumor-bearing animals of 
corresponding age presented comparable findings. 


The occurrence of pituitary tumors in old females, 7.e., after the climac- 
teric, and after sterilizing doses of ionizing radiations suggests that the 
neoplasia might have been induced by hypogonadism. Nevertheless, 
there is no anatomic evidence that the pituitary tumors were gonado- 
trophic or were induced by an imbalance of gonadal hormones. The 
development of pituitary tumors in males certainly cannot be attributed 
to castration. The fertility of male mice is only temporarily depressed 
after doses of irradiation of the type studied herein, and male mice are 
known to remain fertile into old age. Spermatogenesis was observed in 
tumor-bearing males without exception, and the Leydig cells appeared 
well preserved until death. 


Evidence of secretion of gonadotrophins was not manifested by mice 
bearing grafts of tumors induced by irradiation (8). Furthermore, the 
pituitary tumors which have been reported to develop in mice after gona- 
dectomy (6) failed to attain great size and were described as being com- 
posed of basophilic cells, thus differing from those of the present experiment; 
however, both types of tumors exhibited lactogenic activity. 


Thyroid factors in tumorigenesis —That the observed pituitary tumors 
were not induced by thyroidectomy is evident from the predominantly 
normal thyroid status of the mice of this study, as indicated in histologic 
sections, and from differences in the morphologic features of the anterior 
pituitary in the animals of the present series as compared with those 
subjected to thyroidectomy (30-33). The changes in beta cells reported 
in the latter (31-33) were not observed in this study. Furthermore, 
the tumor cells described above, while amphophilic in the strict sense of 
the word, were morphologically and cytochemically unlike those of thy- 
roidectomy-induced tumors (33). Thus, after fixation in Zenker-formol 
none were observed to contain aniline blue-staining granules or to react 
positively with either the periodic acid-Schiff or the aldehyde-fuchsin 
techniques. 

The higher incidence of thyroid adenomas (table 2) in mice with 
pituitary tumors than in those without pituitary tumors is of borderline 
significance (P=0.20) but suggests that at least a few of the hypophyseal 
tumors exerted a thyrotrophic action. This was borne out on transplan- 
tation and bioassay, one of the seven adenomas successfully transplanted 
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exhibiting predominantly thyroid-stimulating and somatotrophic activity 
(34). 

The slightly greater incidence of thyroid adenomas in females, as 
compared with males (table 2), may be correlated with the greater suscep- 
tibility of female mice to the induction of thyrotrophic pituitary tumors 
and thyroid changes (35). Although whole-body ionizing irradiation has 
been reported by Gorbman and Edelmann to promote the development of 
pituitary tumors in mice given low doses of radioiodine (2), others believe 
that radiation plays no significant role in the induction of these highly 
thyrotrophic tumors (35). 

Adrenal factors in tumorigenesis.—The production of pituitary tumors 
by adrenalectomy has not been reported, but thus far adrenalectomized 
animals have not been kept alive long enough for the study of pituitary 
tumor-formation. Despite evidence that three of the ten assayed ade- 
nomas of these mice yielded transplantable tumors secreting ACTH (8), it 
remains to be shown that the development of the pituitary neoplasia was 
dependent upon altered adrenal function, because the adrenal glands of 
the tumor-bearing hosts were not significantly different from those of 
tumor-free controls. The effects of irradiation and aging on adrenal 
function remain to be critically examined. 

Although adrenocortical adenomas occurred slightly more often in 
males than in females (table 2), the difference was not highly significant 
(P=0.23). A female predilection for adrenocortical tumors was observed 
in gonadectomized mice (6); such adenomas, morphologically similar to 
those observed in this study, were believed to secrete estrogen (6). Simi- 
larly, in the present study a male mouse with an adrenocortical adenoma 
exhibited estrogenization of the submaxillary glands and mammary gland 
hyperplasia. 

The slightly greater incidence (P=0.34) of adrenal tumors in the mice 
of both sexes bearing pituitary growths (table 2) recalls the observation 
of ACTH secretion by three of the seven hypophyseal adenomas that 
were successfully transplanted (8). These three grafted tumors exhibited 
adrenocorticotrophic potency in hypophysectomized hosts but failed to 
sustain other endocrine target organs (34). 

Secretory activity in relation to cell type —The mammary gland stimula- 
tion noted uniformly in females bearing primary pituitary tumors was 
exhibited on transplantation only in female hosts and with but three of the 
seven adenomas assayed; with one tumor it was the sole effect detected 
(34). The evidence of secretion of adrenocorticotrophin, thyrotrophin, 
and sonatotrophin by some of the other grafted tumors indicates that the 
adenomas of this group are heterogeneous in their secretory activity. 
This is difficult to reconcile with the observation that the primary tumors 
were composed exclusively of chromophobic and acidophilic cells. For 
although, as noted above, the lactogenic and growth hormones are believed 
to be produced by acidophils (26), it is thought that the basophils are 
the source of TSH (36) and ACTH (87). Elucidation of this question 
will require further investigation. 
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Summary 


Tumors of the adenohypophysis developed spontaneously in LAF, mice, 
appearing first at about two years of age and occurring in more than 8 
percent of females surviving three years. 

The incidence of such tumors was increased by a single whole-body 
exposure to ionizing radiation, and tumor-formation was hastened in pro- 
portion to the dose. 


The neoplasms were four to five times more common in females than in 
males. 

The adenomas were composed of cells predominantly chromophobic 
although containing in the cytoplasm varying numbers of coarse acido- 
philic granules; most neoplasms also contained at least a few heavily 
granulated acidophils which were interpreted as tumor cells. 

The pituitary-tumor-bearing females exhibited alveolar hyperplasia and 
distension of mammary gland ducts, which were also occasionally present 
to a lesser degree in aging females without pituitary tumors. 
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PuaTE 61 
Figure 1.— Medium-sized pituitary tumor. X 3 
Ficure 2.—Large pituitary tumor filling base of skull. xX 3 


Figure 3.—Pituitary tumor cells with atypical and giant nuclei. Hematoxylin and 
eosin. X 440 


Ficure 4.—Solid adenoma replacing right lobe of anterior pituitary gland (bottom). 
The tumor cells are predominantly chromophobic and larger than those of the 
non-neoplastic, left lobe (left). Pars intermedia and pars nervosa are shown at the 
top. Gude-Martins-Mallory. X 120 
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Figure 5.—Adenoma with markedly dilated blood-filled cysts. Hematoxylin and 
eosin. X 120 


Figure 6.—Tumor cells arranged around cysts. Gude-Martins-Mallory. 440 


Figure 7.—Nest of metastatic tumor cells in marrow of sella turcica. Pituitary 
tumor shown at top. Hematoxylin and eosin. 120 


Figure 8.—Acidophiles (dark-staining cytoplasm) of aging control mouse exhibiting 
degranulation and pleomorphism of nuclei. Gude-Martins-Mallory. > 1,000 
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PLATE 63 


Figure 9.—Pituitary tumor cells most of which contain varying numbers of acidophilic 
cytoplasmic granules and prominent ring-shaped negative Golgi images. Gude- 
Martins-Mallory. X 1,000 


Ficure 10.—Boundary between solid chromophobie adenoma (/eft) and norma! 
anterior pituitary (right). Gude-Martins-Mallory. 440 


Figure 11.—Predominantly chromophobic tumor cells encircling blood-filled spaces. 
Nuclei oriented toward basement membrane and Golgi body toward cavity. Gude- 
Martins-Mallory. 1,000 


Ficure 12.—Acidophil of aging control mouse exhibiting nuclear bridging. Gude- 
Martins-Mallory. X 1,000 
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Successful Skin Homografts After the 
Administration of High Dosage X Ra- 
diation and Homologous Bone Mar- 
row! 


Joan Micnet Matin and Ricumonp T. PREasN,? 
National Cancer Institute,’ Bethesda, Md. 


The known factors determining tissue-graft survival may be conven- 
iently classified under two headings: 1) the genetic and 2) the environmen- 
tal. Early workers with cancer, who searched for a method of transplanting 
tumors from one animal to another, began the study which led to the 
elucidation of the basic genetic principles of tissue transplantation. These 
principles, which explain tissue-graft resistance in terms of Mendel’s laws 
of heredity, have been thoroughly reviewed (1, 2). Briefly, they may be 
summarized as follows: a) the inheritance of tissue-graft susceptibility is 
due to certain multiple dominant genes, called histocompatibility genes; 
and 6) grafts tend to survive if the recipient contains all (or even addi- 
tional) histocompatibility genes present in the donor. With the develop- 
ment of inbred strains of animals (i.e., homozygous for practically all 
genes), this condition could more nearly be met, and tumors and normal 
tissues (where no technical difficulties exist) are now transplanted freely 
among the different individuals of a single inbred strain. An increasing 
amount of evidence indicates that the resistance to genetically dissimilar 
tissue may be an as yet undetermined type of immune reaction (3-7). 

Environmental factors often alter resistance to homografts* by weak- 
ening the immune response of the host. These factors include vital 
staining (8, 9), application of hormones (10), and X irradiation of the 
host (11). Dempster, Lennox and Boag (12) were able to prolong sig- 
nificantly the survival time of homologous skin grafts in rabbits by ad- 
ministering high dosages of X radiation prior to grafting. 

Although X irradiation has been shown to prolong the survival time of 
homologous skin grafts, the life of the host is shortened as the dosage of 
X radiation increases. Recently, Lorenz, Congdon and Uphoff (13) have 
increased the 30-day survival time of mice given an LDjo dosage of 
X radiation by the injection of isologous, homologous and, in some cases, 


1 Received for publication October 25, 1954. 

? With the technical assistance of Earl J. Waters. 

$ National Institutes of Health, U. S. Public Health Service, Department of Health, Education, and Welfare. 

* Definition of terms: heterologous graft: a transplant between animals of different species; homologous graft: a 
transplant between animals of the same species but of different genotypes; isologous graft: a transplant between 
animals of the same genotype. . 
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heterologous bone marrow immediately following exposure to X radia- 
tion. In the following experiments an attempt was made to prolong 
the survival time of homologous skin grafts by treating the graft recipient 
with high doses of X radiation followed by bone-marrow injection. 


Materials and Methods 


The method of X iradiation was as follows: To obtain a uniform 
tissue dose, two X-ray tubes were placed opposite each other, above and 
below the box containing the mice. The distance from the targets to 
the center of the mice was 54 cm. The tubes operated at 200 kv. and 
15 Ma. The beams were filtered by plates of 0.25 mm. thick copper and 
0.55 mm. thick aluminum. A flat circular lucite box measuring six 
inches in diameter and one inch in depth, capable of accommodating 8 
mice, was used as a container for the mice during administration of the X 
radiation.® 

The bone marrow was prepared according to the method of Lorenz 
et al. (13), with the exception that physiological saline was substituted 
for buffered saline. In all of these experiments marrow from both humeri 
and both femura of two donor animals was used for each recipient and 
the marrow was injected into a tail vein. 

The method of skin grafting has been previously published (14). To 
summarize, a full-thickness graft was transferred from the back of the 
donor to that of the recipient. The donor mice were killed by cervical 
dislocation immediately before grafting and the recipients were anesthe- 
tized with nembutal anethesia. 

Strain BALB/cAnN, strain DBA/2JN, and (BALB/cAnN X DBA/2)F, 
hybrid mice were used in these experiments and were obtained from the 
inbred mouse colonies at the National Institutes of Health. 


Strain DBA/2JN female mice 2 to 8 months of age were divided into 
three groups. The mice of all three groups were grafted 24 to 30 days 
after X irradiation with skin from male BALB/cAnN mice 2 months of age. 

Group I.—These mice were irradiated with a dosage of 350 r. They 
were not injected with bone marrow. 

Group II.—These mice were irradiated with a dosage of 750 to 800r° 
and were then immediately injected intravenously with strain DBA/2JN 
bone marrow. In this case the injected marrow was isologous to the 
recipient but homologous to the skin grafts. 

Group III.—These mice were irradiated with a dosage of 750 to 800r 
and were then immediately injected intravenously with (BALB/cAnN X 
DBA/2JN)F; hybrid bone marrow. In this case the injected marrow was 
homologous to the recipient but contained an antigenic component 
identical with the antigens of the skin grafts. 


* The authors wish to express their appreciation to Mr. Henry Meyer, who X-irradiated the animals in these 
experiments. 

* In view of the X-irradiation deaths in group I and the X-irradiation tolerances which have been determined 
for other strains, it is thought that the mice of groups II and III would not have survived in the absence of bone- 
marrow injections. In addition, Reinhard (15) has found 528 r to be the LDw at only 12 days for 8- to 15-week-old 
DBA mice of either sex, 
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a- Heterozygous (BALB/cAnN X DBA/2JN)F; hybrid marrow cells were 
ag used in preference to homozygous BALB/cAnN cells for two reasons: 
nt First, the hybrid cells might stimulate less of an immune reaction in the 


recipient than would homologous homozygous marrow cells. [Prehn and 
Main (16) have shown that (BALB/cAnN x DBA/2JN)F; hybrid skin 
survives for a significantly longer time than does homozygous BALB/cAnN 


‘m skin when grafted onto DBA/2JN mice.] Second, bone marrow, even 
nd though transplanted, might function to produce antibodies against suit- 
to able antigens. Hybrid bone marrow was used in this experiment be- 
nd cause, according to the principles of transplantation, it was not expected 
nd to be antigenically stimulated by either the strain DBA/2JN tissues of 
1X the recipient mice or by the BALB/cAnN tissues of the skin grafts. 

s Results 


The detailed data of these experiments are shown in table 1. 


nz In previous skin-grafting experiments done in this laboratory (16) 
ed between strains BALB/cAnN and DBA/2JN (BALB/cAnN skin on 
eri DBA/2JN mice) no successful grafts were obtained in a total of 61 animals. 
nd The average graft-survival time was approximately 30 days. All grafts 
had sloughed by the 45th day. To date, our experience with skin-grafting 
To experiments has been that even very slight genetic differences, such as 
he are found between sublines of the same strain, are usually enough to 
cal prevent successful grafting. 
he- Group I.—None of the DBA/2JN mice that received sublethal dosages 
of 350 r of X radiation retained their grafts of BALB/cAnN skin signifi- 
F, cantly longer than did the nonirradiated mice. The average graft-survival 
the time in this group was about 32 days. All had sloughed their grafts by 


the 45th day.’ This result differs from that reported by Dempster etal. (12), 
who were able to prolong significantly the survival time of homologous 
aoa grafts in rabbits by X irradiation prior to grafting. 

y Group II.—Mice that received high dosages of X radiation (750-800 r) , 
Be. and bone marrow homologous to the graft (isologous to the recipient) varied 


ito 


iad in their graft responses. In this group most mice retained their grafts 
re longer than mice in Group I. However, only 2 mice in 31 (7%) 
IN retained their grafts permanently. The average graft-survival time, 
the excluding the two permanent survivals, was approximately 50 days. 
Group III—Almost all mice that received high doses of radiation 
ee (750-800 r) followed by hybrid bone marrow were grafted successfully. 
ay, In this group, 33 of 36 (92%) grafted mice retained their grafts. These 
vt grafts appeared as healthy as autografts (see fig. 1). The difference 
aaah between group II and III was statistically significant, using the chi-square 
method of analysis (P<.01). 
these Discussion 
nined The precise mechanism of action of the bone marrow in these experi- 
nos ments remains obscure. Probably, the bone marrow allowed an unusually 





' The criteria by which the graft-survival time was judged were the same as those previously described (16), 
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large dosage of X radiation to be employed. But, in addition, the genetic 
composition of the marrow was a factor determining graft results. Thus, 
most of the mice that were injected with marrow containing an antigenic 
component presumably identical with the antigens of the graft retained 
their grafts. On the other hand, most of those receiving marrow not 
containing an antigenic component presumably identical with the antigens 
of the graft sloughed their grafts. Therefore, it may be concluded that the 
bone marrow served some function in addition to permitting host survival. 

Recently, a preliminary report concerning a phenomenon which may act 
by a mechanism similar to the one described in this paper has been pub- 
lished by Billingham, Brent, and Medawar (17). These authors found 
that by inoculating embryonic chicks or mice with homologous living cells 
they could produce a partial or complete tolerance to skin grafts subse- 
quently transplanted from the animal that provided the inoculum. 

Perhaps the marrow homologous to the host served merely as a source 
of homologous antigen during the period of maximal radiation effect. 
Possibly the immunologic response of the host after exposure to the high 
doses of X radiation used here was so weak that any homologous graft, 
whether bone marrow or skin, performed immediately after X irradiation 
would have survived and have permanently altered the host’s reaction. 
Should the injected homologous marrow cells and their descendants 
survive permanently, i.e., throughout the remaining life span of the host, 
the resultant animal would be a “pseudohybrid,” genetically constituted 
DBA/2JN but with its bone marrow partially derived from (BALB/ 
cAnN XDBA/2JN)F, hybrid cells. The transplanted (BALB/cAnN X 
DBA/2JN)F, hybrid marrow would not be capable of immunologic 
response to further grafts containing BALB/cAnN antigens. 

Since there is no reason to assume that the host would offer greater 
resistance to a bone-marrow graft than to a skin graft, the results of this 
experiment are consistent with the cellular repopulation theory of radiation 
protection (13, 18). 

For obvious reasons, much further work will be required before one 
could possibly expect a general solution to the homograft problem. 


Conclusions 


1) Strain BALB/cAnN skin may not be successfully grafted onto strain 
DBA/2JN female mice if the host mouse is treated with an X-radiation 
dosage of 350 r and grafted 24 to 30 days after exposure. 

2) Strain BALB/cAnN skin may not usually be grafted successfully 
onto strain DBA/2JN female mice if the host animal is treated with an 
X-radiation dosage of 750 to 800 r followed by the immediate intravenous 
injection of strain DBA/2JN bone marrow 24 to 30 days prior to grafting. 

3) Strain BALB/cAnN skin may be successfully grafted onto strain 
DBA/2JN female mice if the host animal is treated with an X-radiation 
dosage of 750 to 800 r followed by the immediate intravenous injection of 
(BALB/cAnN X DBA/2JN)F, hybrid bone marrow 24 to 30 days prior 
to grafting. 
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PLATE 64 


Figure 1—DBA/2JN mouse with BALB/cAnN skin graft after administration of 
high dosage X radiation (800 r) and (BALB/cAnN X DBA/2JN)F; bone marrow. 


Th 


e photograph was taken 150 days after skin grafting. 
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Effect of Local Roentgen Irradiation on 
the Formation of New Capillaries After 
Injury’ 


Ruts M. Merwin and Evizaseta L. Hit, Na- 
tional Cancer Institute,? Bethesda, Md. 


The decreased capacity of endothelium in irradiated areas to form new 
capillaries (1-3) may play a role in certain postirradiation changes. For 
instance, it might be a factor in the deleterious effect of irradiation on 
blood vessels in normal tissues, an important effect because it may limit 
the dose of radiation that can be given to a tumor (4). Or it might be 
one of the causes of poor healing of surgical incisions in irradiated areas (4). 
More must be known, however, about this decreased capacity of irradiated 
endothelium to grow before its role can be evaluated. 

The object of the experiments reported here was to study the effect of 
single doses of 400 to 1,500 r on the capacity of endothelium to produce 
new capillaries. An area of mouse skin was irradiated and within 6 
hours was injured either by burning or by placing a stitch of tantalum 
wire through the skin. Observations were made on the formation of 
new capillaries in these irradiated injured areas. 


Materials and Methods 


Materials and Methods Used in the Study of New Capillaries in Burned 
Areas 


Twenty-four male mice of strain BALB/cAnN ranging in age from 3 to 
6 months were used. 

In order to follow the sequence of changes in living animals a transparent 
chamber was placed in the skin of each mouse by a method described by 
Algire and Legallais (6). A plastic splint holds the skin away from the 
body in a double-layered flap along the middorsal line. An incision is 
made in one of these layers of skin and a mica window is placed under the 
hole. Through this hole the panniculus carnosus muscle layer of the 
intact layer of skin is seen. 

Roentgen irradiation was administered through the window of the 
transparent chamber to a circular area of the skin 1 cm. in diameter, 


1 Received for publication November 1, 1954. 
2 National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare, 
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while the rest of the mouse was shielded. Single doses from 400 to 1,500 
roentgens were delivered. The physical factors were as follows: 185 
KVP, 170 V, and 20 Ma., 800 r per minute at a focus skin distance of 
14.5 em. through 0.25 mm. Cu and 0.55 mm. AI filters. 

Each burn was made through the mica window of a transparent cham- 
ber by exposing the tissues for 2 to 6 seconds to light rays which were 
focused by a microscope condenser and directed through a quartz rod. 
The flat polished tip of the rod approximately 1 mm. in diameter rested 
against the mica window. 


Materials and Methods Used in the Study of New Capillaries Around Stitches 
of Tantalum Wire 


Twenty-seven inbred male mice of strains C3H/HeN and BALB/cAnN 
were used. They ranged in age from 4 to 12 months but most were 5 
to 7 months old. 

Several weeks prior to irradiation a window was prepared in the skin 
by a technique previously described in detail (7). A cut was made in the 
skin in the middle of the side of each mouse and a circular piece of plastic 
was inserted through this cut and centered under it. 

At the time of irradiation each mouse was placed in a holder that had 
a slit along the top and the dorsal skin was pulled up from the body 
through this slit to form a double layer parallel to the middorsal line with 
the window in one layer and at the edge of the area to be irradiated. 
During irradiation the double layer of skin was held up by plastic ad- 
hesive tape stuck to the hair on the entire surface of both layers. A dose 
of 500 to 1,500 roentgens was delivered to the double layer of skin while 
the body of the mouse was shielded. The area of skin irradiated was 
approximately 2 by 3 cm. The physical factors were: 200 KVP, 240 V, 
and 15 Ma., 355 r per minute at a focus skin distance of 25 cm. through 
0.25 mm. Cu and 0.55 mm. Al filters. Usually four mice of the same 
strain and age were studied ina group. In each group one mouse received 
no irradiation and the other 3 received 500 r, 1,000 r and 1,500 r, respec- 
tively. After irradiation the skin was allowed to return to its normal 
position. 

Within 6 hours after irradiation a stitch of two strands of tantalum 
wire was pulled with a fine needle through a small double fold of skin in 
the irradiated area where the hairs had been clipped. The skin was 
allowed to return to its normal position so there was no puckering in the 
tissue and the cut ends of the wires were twisted together. The stitch 
was located as shown in text-figure 1, A, so that when the skin was drawn 
up in a double fold as is shown in B a portion of the stitch 1 to 3 mm. long 
embedded in the avascular subpannicular layer of connective tissue could 
be seen through the window. The skin was permitted to remain in its 
normal position, except when it was drawn up for observations of the 
area of the stitch through the window. Observations were made almost 
daily while the changes in the vessels were rapid, but as the changes 
became slower observations were made less frequently. 
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TEXT-FIGURE 1.—Diagrammatic cross section of & mouse at the middle of the body to 
show the relationship of the plastic window and the wire to the mouse’s skin. In A 
the skin is in its normal position and in B the skin is in a position so that the wire 
can be seen through the window. The irradiated portion of the skin is indicated 
by a row of dashes. 


Observations and Results 


Injury by Local Burns 


Each burn destroyed most of the vessels in a small area of the subcu- 
taneous-muscle layer, which is the first layer of vascularized tissue under 
the mica window of the transparent chamber. Most of the new capillaries 
grew into the burned areas from the surrounding uninjured muscle, but 
in some burns, some of the capillaries were derived from vessels in other 
layers of tissue. A few remnants of the original vessels of the muscle 
layer were often found scattered through the burned areas. Migratory 
activity of the endothelial cells was indicated by the frequent changes in 
the pattern of anastomoses between adjacent remnants. 

Within the first few hours after burning, no circulation could be seen 
in an area ranging from 0.14 mm.” to 2.4mm.”._ This unvascularized area 
was called the initial area. It increased during the next few days and then 
began to decrease. Measurements were made about every other day 
until the unvascularized area became smaller than 0.04 mm.? when the 
burn was considered completely revascularized. 

The measurements for each burn were expressed as a percentage of 
the initial area. These percentages were plotted against time for each 
animal and a smooth curve was drawn, freehand, to give as good a “fit” 
as possible to these points. The percentages for days on which no obser- 
vations had been made were interpolated from these curves. A median 
curve was obtained for all the smoothed curves for animals that received 
one dose level of irradiation (i.e., 400-600 r, 700-800 r, 900-1,000 r and 


3 This method has some deficiencies because the unvascularized areas associated with small burns seemed to 
increase percentagewise more than those associated with larger burns. Increases in the absolute sizes of the 
unvascularized areas might at times give a clearer concept of the changes taking place. 
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1,200-1,500 r) by taking the median value for each day (text-fig. 2). The 
median was used because of the wide range of variation in the data and 
because of the skewness of the data, which would distort the arithmetic 
mean. 





200 + 






100 (3) pe 


1,200 = 1,500r 


Sor 






(S) 


(S) 900 -1,100r 


Controls 


PERCENT INITIAL AREA UNVASCULARIZED 








= 
25 





DAYS 


Text-FicurRE 2.—The effect of irradiation dose on area of unvascularized tissue at 
daily intervals after burning. The values plotted are medians taken from the 
smoothed curves for individual animals. The number of animals in each experi- 
mental group is shown by a number in parentheses. The range of days for each 
median day for complete revascularization is as follows: (controls) 6-9 range, 7 
median; (400-600 r) 10-15 range, 12 median; (700-800 r) 10-22+ range, 14 median; 
(900—-1,000 r) 11-27+ range, 18 median; (1,200-1,500 r) 25-35+ range, 28+ 
median. 


The increase in the areas of nonvascularized tissue in burns varied 
greatly both in the nonirradiated and in the irradiated animals. No clear 
relation seemed to exist between this increase and the dose of radiation. 
The time after burning when the area of nonvascularized tissue started 
to decrease also could not be related with the dose of radiation received. 

The rate of decrease in area of nonvascularized tissue was inversely 
related to the dose. Thus the dose was directly related to the time 
required for a complete revascularization of the burned area. 

Four ° of the burns in areas that had received 1,000 r, 1,200 r or 1,500 r 
were not completely revascularized after 27 to 39 days when observations 
were discontinued. At this time the tissues in the nonvascularized areas 





4 The’authors would like to acknowledge the assistance of Mr. Marvin Schneiderman of the Biometry and 
Epidemiology Section, National Cancer Institute, in the analysis of these data. 

§ One of these burns that received 1,500 r was not included in text-figure 2 because the initial nonvascularized 
area was much smaller than that of the other burns. 
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were translucent and very little tissue seemed to be left in the muscle 
layer. The nonvascularized area of two of these burns was still slowly 
decreasing but in the other two, in an animal that had received 1,500 r, 
the area had stopped decreasing. 

The network of new vessels in burns was sparser after doses of 700 or 
more roentgens than it was after lower doses. 


Injury by Stitches of Tantalum Wire 


In both irradiated and nonirradiated animals a coating of exudate 
formed around each wire. The coating ranged in thickness from approxi- 
mately 0.2 to 1.3 mm. Small hemorrhages appeared around the edge of 
this coating usually a few days before new capillaries appeared within it. 
These hemorrhages and new capillaries were seen first at the ends of the 
stitch where the wire passed through the skin and muscle. While the 
new capillaries were growing toward the center of the stitch, hemorrhages 
and more new capillaries usually appeared along the sides. After invasion 
by capillaries the coating of exudate lost its distinct edges and was replaced 
by granulation tissue. 

A dose of 500 r may have slowed the first appearance of hemorrhages 
slightly but it had no effect on the time of appearance of new vessels nor 
on their progress through the coating (text-fig. 3). With increases in 
dose over 500 r there was an increasing delay in vascularization. After 
1,000 or 1,500 r the new network of vessels was sparser than it was after 
lower doses. 

Discussion 


As the dose of radiation was increased from 500 r to 1,500 r the rate 
of revascularization of burned areas decreased, and the interval before 
vessels appeared in the coating of exudate around tantalum wires increased. 
The factors that caused the large range in the responses were not clear. 
Neither was it clear why a dose of 500 r delayed the revascularization of 
burned areas but seemed to have little effect on the vascularization of the 
coating of exudate around wires. 

Irradiation may have affected the growth of new capillaries indirectly 
by altering the tissue into which the capillaries grew. This is suggested 
by the finding that after 1,200 to 1,500 r the tissues in burned areas were 
changed by 3 weeks after burning. They were translucent and there seemed 
to be very little tissue left in the muscle layer. The vessels growing into 
these visibly changed tissues grew slowly or stopped growing. The 
possibility should be considered that as the dose of radiation increased, 
the tissue in the burned areas became altered so that the rate of growth of 
new vessels into it was slower. The behavior of vessels in the coating of 
exudate around wires in areas that received 1,500 r was different from 
that in burns. Although the capillaries in burns grew slowly, or stopped 
growing, the capillaries in the exudate coating around wires grew to the 
center of the stitch apparently at the same rate as at lower doses. This 
may be related to the finding that the coating, unlike the burned tissues, 
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TEXT-FIGURE 3.— Median day and range of days at each dose of radiation for (1) the 
first appearance of hemorrhages; (2) the first appearance of new capillaries; and 
(3) the first penetration of new capillaries to the center of the stitch. Each median 
for the nonirradiated animals is based on 12 observations. All other medians are 
based on 4 to 7 observations. 


showed no visible change until it became vascularized. It is possible that 
the effect of irradiation on capillaries around wires was mainly a direct one. 

One cannot say whether the sparseness of the new network of vessels 
after higher doses is a direct or an indirect effect of irradiation. 

Pohle (8) reports that wounds made immediately before or after a dose 
of 1,000 r healed slowly. Dobbs (9) found that after 1,000 r the tensile 
strength of the scars decreased and Lawrence et al. (10) report a delay in 
the attainment of maximum tensile strength after 2,000 r. The effect of 
irradiation on the formation of new capillaries may have contributed to 
these changes in healing. 


Summary and Conclusions 


Studies were made on the effect of irradiation on the formation of new 
capillaries in injuries in the skin of mice. Doses of 400 to 1,500 roentgens 
were given, and within 6 hours the skin was injured by a small burn or by 
inserting a stitch of tantalum wire. 

A dose of 500 r slowed the rate of revascularization of the burned areas 
but had no effect on the time of vascularization of the coating of exudate 
that formed around tantalum wires. 
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As the dose of radiation was increased from 500 to 1,500 roentgens the 
rate of revascularization of burned areas decreased and the interval before 
capillaries began to invade the coating around wires increased. 

The new network of vessels in both types of injuries was sparser following 


doses of radiation that exceeded 700 roentgens than it was following 
lower doses. 
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Study of Recovery at Low Temperature 
of X-Irradiated E. coli Cells ' 


A. W. Pratt, W. S. Moos,? and M. Epen;? 
National Cancer Institute,* Bethesda, Md. 


There is general agreement that the effects of ionizing radiation on bi- 
ological systems may be modified by changing the physical or chemical 
environment of the organism. The present work was undertaken to de- 
termine the comparative recovery patterns obtained when distilled-water 

suspensions, citrate suspensions and broth suspensions of Escherichia coli 
cells were exposed to X irradiation and were subsequently maintained at 
low temperatures. 

In this study it was considered that recovery could be determined by 
measuring the change that occurs in the number of viable cells ® which, 
as a function of time stored in the cold, recover the ability to form macro- 
colonies. It was also considered that storage at low temperatures would 
prevent cell multiplication from obscuring the recovery pattern. Barber 
(4) has shown that mitosis of E. coli cells is reduced with decreasing tem- 
perature and is essentially zero at4°C. A review of the literature showed 
that there is no general agreement as to what effect storage of the irradi- 
ated cells at low temperature may have toward modifying the recovery 
pattern (5-10). 


Experimental Procedures 


‘In a typical experiment, cultures were prepared by inoculating horse- 
meat infusion broth with E. coli (Strain B)* and incubating for 16 hours 
at 36° C. The cultures were then removed from the incubator, centri- 
fuged and repeatedly washed with distilled water, and recentrifuged to 
remove as completely as possible all adsorbed material. The broth-free 

water suspension of bacteria was shaken in the presence of small glass 


! Received for publication November 1, 1954. 

3 Present address: Department of Radiology, University of Illinois, Urbana, Ill. 

3 Present address: Postdoctorate Fellow, Department of Mathematics, Princeton University, Princeton, N.J. 

* National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 

* In these studies a viable cell is taken to mean the ability to multiply and form a macrocolony. Relative sur- 
vival is measured by counting the number of colonies produced by the test object and comparing this number 
with the number of colonies produced by a control. 

) It is recognized that the recovered cells in this study would also include those cells that may have undergone 
a “‘lethal’’ mutation which would not express itself until the original cell had undergone several divisions. The 
problem of lethal mutations has been discussed in detail by several workers (1-$). 

* Obtained from Dr. L. Labaw, National Institutes of Health. 
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beads to insure a homogeneous suspension of bacteria and then trans- 
ferred in aliquots of 0.1 ml. into each of six small test tubes. To one pair 
of these tubes, 0.1 ml. of sterile broth was added to each tube; to the sec- 
ond pair, 0.1 ml. of 0.05 M Na; citrate (pH 7.3) was added to each tube; 
and to the third pair, 0.1 ml. of distilled water was added to each tube. 
One tube from each of the three sets was selected as the experimental 
tube for exposure to X irradiation; the three remaining tubes, one from 
each set, served as controls. 

After the desired X-irradiation dose had been delivered to the experi- 
mental samples, they were diluted 1:10’ times with distilled water. The 
control samples were diluted in an identical manner. From each of these 
diluted suspensions, plate cultures were prepared (0.1 ml. per petri dish) 
and incubated for 24 hours at 36°C. The number of colonies was deter- 
mined by the photographic method of Moos (11). The remaining bacterial 
suspensions were stored in a refrigerator at 4° to 6° C. and used for sub- 
sequent platings at regular 24-hour intervals for an over-all period of 
6 days. 

A second set of experiments was conducted which differed from the 
experiments described above only in that sterile broth instead of distilled 
water was used as the diluent and storing medium. 

The radiation was delivered by 186 KVP X-ray unit at a dose rate of 250 
r per minute. For filtration of the beam, 0.25 mm. copper and 0.55 mm. 
aluminum were employed. A total dose of 3,000 r, measured in air, was 
given all three experimental samples. 


Results 


Study of the contro] cultures stored at 4° to 6° C. showed that prolif- 
eration of the cells did not occur; on the contrary, there was a steady 
decline in the number of viable cells found in the successive daily exami- 
nations of the suspensions. The rate of dying was different for each of 
the bacterial suspensions—being most marked in citrate and least pro- 
nounced in the broth suspensions. The normal death rate appeared to 
be proportional to the number of viable cells present and can be described 
by the general form: 


— Fake 


where -2 is the rate at which the number of viable cells decreased with 


time and z is equal to the number of viable cells present. 

The normal death-rate constant, i.e., k;, when computed by the method 
of least squares, is found to be equal to 0.05, 0.05 and 0.12 for broth sus- 
pensions, distilled-water suspensions and citrate suspensions, respectively. 

The observations made on the irradiated cultures are shown graphically 
in text-figures 1 and 2. Each point plotted on the curves represents the 
mean of all the assays, and, in addition, the standard error of the mean 
value is indicated. 
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TEXT-FIGURE 1.—@Cells irradiated in broth—diluted with water. 
OCells irradiated in citrate—diluted with water. 
WiCells irradiated in water—diluted with water. 





Text-figure 1 shows the immediate survivor ratio and the subsequent 
recovery ratio for the X-irradiated E. coli cells stored at 4° to 6° C. asa 
function of time when the suspensions have distilled water as the diluent 
and suspending medium. It is apparent that the number of survivor 
cells present immediately after X-irradiation exposure was approximately 
equal in the broth and citrate systems. The number of viable cells in 
the distilled-water suspension found immediately after X irradiation was 
somewhat less than the others. Successive daily examinations of the ir- 
radiated suspensions revealed that there were a significant number of 
cells in both the broth suspensions and the citrate suspensions which, with 
time, recovered their ability to divide when stored at 4° to6° C. These 
data show that if the X-irradiated suspensions are stored at low temper- 
ature with no change in their chemical environment save for dilution with 
distilled water, there is extensive recovery of cell viability in the nutrient 
broth suspension, a lesser recovery of viability of the irradiated cells in 
the citrate suspensions and questionable recovery in the distilled-water 
suspensions. It has been observed, however, that when the control cul- 
tures are stored at this low temperature the number of viable cells be- 
comes progressively less; thus the interpretation of these observations re- 
quires a consideration of the “normal death rate” which characterizes the 
storage of viable cells at these low temperatures in the respective sus- 
pending media. If it can be assumed that the viable cells in the ir- 
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radiated suspensions will die at a rate comparable to that observed for 
the viable cells in the control suspensions, it follows that these data rep- 
resent the net recovery pattern. The recovery pattern should be equal 
to the number of viable cells found at any examination plus the number 
of irradiated cells which have recovered and may have subsequently died. 
Such an interpretation demands that the recovery pattern for the X-ir- 
radiated broth suspensions stored at 4° to 6° C. with distilled water serv- 
ing as the diluting and storing medium, should be somewhat greater than 
that recorded in text-figure 1. The normal death-rate constant for 
citrate is twice as large as that for nutrient broth, and even after dilution 
with distilled water it is doubtful that the toxic influence of citrate would 
be greatly altered. Therefore, it would seem that the recovery pattern 
for the irradiated citrate suspension should be more nearly comparable 
to the recovery pattern of the irradiated broth suspensions if the toxic 
effect of citrate could be reduced. The observation that the number of 
viable cells in the irradiated distilled-water suspensions apparently remains 
essentially constant during the experimental period, could result only if 
there were sufficient cells able to recover to replace those being lost at 
the normal rate of death. 

A second series of experiments were undertaken to ascertain whether 
or not recovery in all the irradiated suspensions could be experimentally 
shown. The experimental procedure was identical to the first series of 
experiments, except that nutrient broth was used for the diluent and 
storage medium. It was thought that dilution of the citrate with broth 
would substantially reduce the toxic effects of the citrate ion. 

The observations made in the second series of experiments are recorded 
in text-figure 2. It can be seen that the number of immediate survivors 
in the X-irradiated nutrient broth, citrate and distilled-water suspensions 
was essentially the same as that seen in text-figure 1. This result is 
expected since they represent similar experiments and again show that 
more protection was afforded the irradiated cells by the presence of 
nutrient broth and dissolved citrate ion in comparison to distilled-water 
suspensions. 

It was found that the recovery patterns were significantly altered for 
all of the irradiated suspensions. The net recovery patterns for both the 
irradiated broth suspension and the citrate suspension were experimentally 
indistinguishable and the degree of recovery was greater than that found 
when the irradiated suspensions were diluted with and stored in distilled 
water. 

The irradiated distilled-water suspensions show a significant degree of 
recovery. However, it is considerably less than that seen in the irradiated 
broth and citrate suspensions. 

The presence of dissolved solute such as citrate and broth particulates 
in the bacterial suspensions will effectively compete with the bacterial 
cells during the irradiation exposure. The data show the extent of this 
protection in that the number of immediate survivors in the ‘“‘unprotected”’ 
distilled-water suspension are less than the number of immediate survivors 
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in the “‘protected”’ suspensions containing broth or citrate. The effect of 
the protecting solutes is clearly demonstrated by comparing qualitatively 
the difference in percent survival between the protected and unprotected 
suspensions after the 6-day recovery period. 


Discussion 


The results of these studies indicate that a progressive recovery in the 
number of viable E. coli cells, capable of macrocolony formation, occurs 
when the irradiated suspensions are stored at 4° to 6° C. for6 days. Some 
degree of progressive recovery of viability was found in all test suspensions 
examined. 

Stapleton, Billen and Hollaender (7) have reported extensive studies on 
the response of certain strains of irradiated E. coli cells to storage in the 
cold. They find a significant recovery when the bacterial cells are stored 
at temperatures below optimal growth temperature. These authors report 
no significant recovery at temperatures of 6° C., or lower. Our data indi- 
cate appreciable recovery in the temperature range of 4° to 6° C. It is 
possible that Stapleton et al. would have observed some recovery at the 
lower temperature had their cultures been stored for periods longer than 
24 hours. 

From our data we conclude that the “lethal’’ manifestation of irradiation 
on bacterial cells can be arrested if the cells are metabolically depressed by 
storage in the cold. In addition, it is necessary to conclude that a consid- 
erable number of cells will be able, during the cold storage, to repair the 
irradiation damage and recover viability. The observations of Stapleton 
et al., of Cook (9) and of Latarjet (12) seem to be in general agreement with 
these conclusions. The experiments of Schrek (13) with thymus cells and 
Strangeways and Fell (1/4) with embryonic fowl explants also lend support 
to our interpretations. 
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Stapleton et al. have observed that irradiated cells do not recover in 
the cold in an organic salts-glucose medium that will sustain growth and 
cell division in control cells. They suggest the existence of a special nutri- 
tive requirement essential to the recovery process. Our results reveal that 
optimal recovery is obtained when the irradiated suspensions are stored 
in broth. However, a significant recovery is seen in the dilute citrate sus- 
pension and some recovery is seen in the distilled-water suspensions. The 
dependence of recovery on the chemical environment is not clear. The 
marked recovery found in the citrate suspensions is difficult to reconcile 
with the suggestion of a special nutritive requirement essential to recovery, 
unless it can be assumed that there had been storage previous to irradiation 
of the nutritive requirement or precursors of the substance from which 
the nutritive requirement could be synthesized by the exposed cells. Our 
observations tend to favor the hypothesis that the recovery mechanism is 
intrinsic in the cell and that the presence of a complete medium sustains 
the recovery process at an optimal rate. 

Our data appear to have the general form of a first-order process in 
which the rate of appearance of viable cells is directly proportional to the 
cells capable of recovery. The data obtained by Latarjet on yeast cells 
stored in the cold may be similarly interpreted. It may be noted that the 
photoreactivation of cells after ultraviolet irradiation is also a first-order 
process depending on the number of “‘photo reactivable” organisms (15). 
The rate dependence of a biological process upon the number of organisms 
capable of participating in the process in question is a common observation. 

Determination of the recovery patterns of the individual suspensions 
clearly indicates that the protective effect of the dissolved organic sub- 
stances is considerably greater than that suggested by the number of im- 
mediate survivors or even the number of 24-hour survivors in irradiated 
cultures maintained under these experimental conditions. The recovery 
process and, thus the total protection, may be quantitated within the 
limits of certain assumptions. 


From the experimental observations it would appear that following irra- 
diation the bacterial cells in the individual suspensions can be divided into 
four groups as follows: Group 1.—Consists of viable bacterial cells capable 
of cell division immediately after X-irradiation exposure. Group 2.—Con- 
sists of bacterial cells which are “arrested” in that they are incapable of 
cell division immediately after X irradiation but which are capable of 
recovering this vital function with storage in the cold. Group 3.—Consists 
of bacterial cells which were immediately killed by X irradiation. Group 
4.—Consists of bacterial cells that die during the period of storage in 
the cold. 


It has already been assumed that the normal death rate can be described 
by a first order kinetic expression (see page 1040). In addition, it has been 
assumed that the recovery rate of the arrested cells under these experi- 
mental conditions is a first-order process dependent on the number of 
arrested cells present immediately after X irradiation which are capable of 
recovering the vital function of cell division. 
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The change in the number of viable cells present at any time, t, may be 
expressed as the net effect of these two processes 


d 
7 = key — kee (1] 


and the change in the number of cells capable of recovering the function 
of cell division is 


d 
T= — Ry — hy (2) 


where 
z=The number of cells capable of cell division at any time t > t. 
%=The number of cells capable of cell division immediately after 
X irradiation when the recovery time t = | = 0. 
y=The number of arrested cells capable of recovery of the cell divi- 
sion function at any time t > fp. 
Yo=The number of cells capable of recovery of the cell division func- 
tion immediately after X irradiation when the recovery time 
= ty = 0. 
k,=The rate constant for death of normal cells, 
k.=the rate constant for recovery of the arrested cells, 
k,=the rate constant for death of cells capable of recovery 
and ky = kp a ks. 


The boundary condition assumed was that the number of living cells 
capable of cell division, z, decreases to zero as time of storage in the cold 
increases indefinitely. 

Integrating equation [2] and substituting for y in equation [1] will give 
a final expression for z: 


cet + ph e*'+¢ whenk<k, 
zr —_ 1 4 [3] 
ce" ++ kay te" +e, whenk =k, 


where ¢, is equal to zero by the boundary condition. 

It is experimentally impossible to determine the death rate of the unre- 
covered cells. Therefore it has been necessary to make an arbitrary 
assumption with regard to k,;—leaving the three adjustable parameters 
Yo, kz and ¢,—as follows: 

Assumption (a) that the cells capable of recovery do not die before 
recovery is effected or k; = 0, hence ky = ho. 

Assumption (6) that the unrecovered cells capable of recovery die at the 
same rate as that at which the viable cells die, 
or 


ky = ky, a ke. 
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Equation [3] may be employed to calculate the proportion of arrested 
cells present immediately after irradiation. The computation for the 
results illustrated in text-figures 1 and 2 are presented in table 1. Since 
the numerical process used to fit the equation to the data permits con- 
siderable uncertainty in the values of the parameter, these percentages 
can only be considered to be approximate. 

The apparent fit of the data to these theoretical equations as shown by 
the curves drawn in text-figures 1 and 2 cannot be adduced as proof of the 
validity of the hypotheses and the statements that may be derived from 
these hypotheses. The analysis indicates, however, that arrested cells 
can die without recovering. 


TABLE 1 
Assumption (a) 









































, : . Percent | Percent Percent 

Irradiated in Diluted nonviable arrested viable 
ye peer ee Sole stahk 59. 8 31.5 8.7 
ecole oct OO acute saa Koad 72.7 19.1 8. 2 
Raia a oe es —_ a me ome sae ee 5.0 
See ees eee 44.0 47.5 8.5 
NS ohn, Ga sw wee wakieo ee 44.0 47.5 8.5 
SS err re Clee 81.4 13. 6 5. 0 

Assumption (b) 
ee et eee 49.8 41.5 8.7 
SN 5 a rin racauen DO sas Seed here 55. 0 36. 8 8.2 
Ree Be ol etna —-— —_—_—— 5.0 
os elles eta OS eee 30. 0 61.5 8.5 
0 ee ale ee Saree 30. 0 61.5 8.5 
| SRR ee aero 78.0 17.0 5.0 
Summary 


The recovery of Escherichia coli cells from X irradiation has been 
examined as a function of time stored in the cold in distilled water sus- 
pensions, citrate suspensions, and broth suspensions. Some degree of 
recovery was observed in all irradiated cell suspensions. It is suggested 
that the mechanism of recovery is intrinsic to the cell. 
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Long-Term Effects of Acute and 
Chronic Irradiation in Mice. I. Sur- 
vival and Tumor Incidence Following 
Chronic Irradiation of 0.11 r Per Day’ 


Econ Lorenz,? JoaNNE WEIKEL HOo.ticrori, 
Exviza Mitier, CHartzes C. Conepon, and 
Rosert ScHweEIstHaL,”* National Cancer Insti- 
tute,’ Bethesda, Md., and The Division of Biological 
and Medical Research, Argonne National Labora- 
tory, Chicago, Il. 


This is the first of a series of papers attempting to clarify points raised 
in earlier work on the ultimate effects of chronic and acute irradiation. 
The complete results of these early experiments on chronic ¥ irradiation 
have been published in the National Nuclear Energy Series (1-6). In one 
of these studies, when 45 LAF, mice were exposed to chronic y irradiation 
at a rate of 0.11 r per 8-hour day for duration of life, an increase in life 
span over that of the 59 controls wasseen. This increase was not statisti- 
cally significant, however. 

From a theoretical standpoint a shortened life span may be predicted 
even at this low dose (7). All radiation produces deleterious effects, some 
of which are reparable and some of which are permanent and cumulative. 
Even if the concept of a threshold dose, below which the damage is negligi- 
ble, is accepted, a lengthened life span cannot be predicted. Therefore, 
a lengthened life span may alter some concepts of radiation effects. In 
addition, the earlier work indicated that this low dose was carcinogenic. 
Hence, the repetition of the 0.11 r exposure using a larger number of 
animals was undertaken. 


Experimental Methods 


(C)L X A)F, mice, hereafter referred to as LAF,, were used in this 
study. At one month of age the experimental animals were placed in 
wooden cages in the exposure room where they were exposed for duration 
of life to 0.11 r per 8-hour day 7 radiation from a 100 mg. source of radium. 
A complete description of the exposure conditions has been given in the 
report of the original experiment (2). The control mice were housed in 
plastic cages in a room adjacent to the exposure room. Unfortunately, the 
original control animals developed dermatitis and had to be replaced by 
other controls almost a year after the start of the experiment. These mice 

1 Received for publication October 22, 1954. 
2 Deceased February 12, 1954. 
3 Present address: Argonne National Laboratory. 


4 The authors gratefully acknowledge the technical assistance of Bruce L. Weed. 
5 National Institutes of Health, Public Health Service, U.S. Department of Health, Education, and Welfare. 
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were not directly related to the irradiated mice but were derived from 
crosses of the same inbred strains. 

All mice were fed Purina laboratory chow and given tap water ad 
libitum. The mice were weighed weekly. Some were killed and autop- 
sied when they became moribund; other animals found dead were autop- 
sied whenever autolysis was not great. The tissues were fixed in formalin- 
Zenker’s fluid and the sections prepared from them were stained with 
hematoxylin and eosin. 


Results 


The findings on the mean survival time, presented in table 1 and text- 
figures 1 and 2, show that the irradiated males live longer on the average 
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TEXT-FIGURE 2.—Survival curves of LAF, male mice. 
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than the control males but that no difference in life span exists between 
the two groups of females. In the course of the experiment, 2 male and 4 
female controls and 1 irradiated male were lost in handling and are not 
included in the data. Also shown, is the fact that the female controls 
lived significantly (P<.01) longer than the male controls. However, the 
sex difference seen in the irradiated animals is not significant. 

The data from the original (old) experiment are reported here for 
comparison. No significant difference exists between the mean survival 
times of the old and the new experiments except in the control male groups. 

The weight of the irradiated female mice did not differ greatly from 
that of the control females (text-fig. 3). However, the irradiated males 
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TEXT-FIGURE 3.—Weight curves of LAF; female mice. 





were heavier than the control males from about 20 weeks to 90 weeks 
after they were put into the radiation field (text-fig. 4). This weight 
difference is greater in the present experiment than that found previously, 


TaBLE 2.—Percent incidence and type 
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and on the whole the males and females are heavier in this study than they 
were in the old one. 

Table 2 shows the incidence of the more frequently occurring tumors 
and the average age at death of the animals bearing each type of tumor. 
The incidence of tumors of the reticular tissues was significantly (P<..01) 
greater in the irradiated than in the control mice. Lymphocytic neo- 
plasms made up the bulk of these tumors. There were 27 in the irradiated 
males; 66 in the irradiated females; and 9 and 35 in the control male and 
female groups, respectively. The other tumors of the reticular tissues 
included: 2 myeloid leukemias and 1 reticulum-cell sarcoma in the 
irradiated males; 1 granulocytic and 1 reticulum-cell sarcoma in the male 
control group; 1 plasma-cell tumor in the irradiated female group, and 
7 granulocytic leukemias; and 1 reticulum-cell sarcoma in the female 
control group. 

The increase in the incidence of the mammary tumors in the irradiated 
female mice over the controls is also highly significant (P<.01). The 


of tumors discovered at autopsy 
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mammary tumors included 6 adenocarcinomas and 2 adenoacanthomas. 
In addition 1 adenocarcinoma of the mammary gland appeared in an 
irradiated male mouse. 

The increase in ovarian tumors in the irradiated mice is significant at 
about the 5-percent level. Half of these tumors were mixed granulosa-cell 
and tubular-adenoma tumors; in addition there occurred 3 granulosa-cell 
tumors, 1 tubular adenoma, and 1 cystadenoma. Six of the ovarian tumors 
occurred as the only tumor in the animal (excluding lung tumors) ; 3 were 
accompanied by sarcomas and 1 by a mammary carcinoma. 

In addition, the irradiated males showed an increase in lung tumors at 
about the 5-percent level. The average number of nodules per animal was 
not calculated. 

The susceptibility to infection apparently did not increase following 
irradiation with 0.11 r. Pneumonia was found in only 2 or 3 mice, but 
kidney infection and heart disease were found frequently (table 3). 
Included in the category of kidney infection are pyelonephritis, and 
papillonecrosis. These were usually associated with amyloid deposits not 
only in the kidney but also in the liver and spleen. In a very few cases 
amyloidosis was found without kidney infection. The heart was affected 
by valvular thrombosis and auricular thrombosis. 


TaBLeE 3.—Occurrence of kidney and heart lesions 
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The sex difference in tumor incidence is noteworthy, as is the difference 
in heart and kidney diseases (table 4). One of the most obvious differences 
between the males and females is in the occurrence of sarcomas. Whether 
or not the sarcoma involved the mammary gland was not tabulated because 
it was felt many more sections of each tumor would be needed to determine 
this fact. It is probable that most of the sarcomas in the females were of 
mammary origin. Only 3 of the sarcomas in the irradiated females were 
not situated subcutaneously; one occurred in the uterus, one in the 
sternum, and one in the hind leg. 

In addition to the tumors appearing in table 2, some miscellaneous 
tumors appeared. In the female control group a myxoma of the mammary 
gland was found at 32 months; a hemangioma of the uterus at 33 months; 
and a leiomyoma of the cervix at 37 months. In the control male group 1 
hemangioendothelioma of the liver occurred at 30 months and in the 
irradiated males a fibroepithelial papilloma of the skin occurred at 30 


months. 
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TaBLE 4.—Ser difference in occurrence of tumors and lesions of the heart and kidney 
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* Not significant. 
Discussion 


The data from the males and females were considered separately in this 
experiment because of the marked sex difference in the mean survival time 
of the control group. This tendency of the female toward greater longev- 
ity has been noted in other strains of mice (8,9). Since, in the irradiated 
animals, the life span of the males and the females was essentially the same, 
it can be argued that chronic irradiation produced a beneficial effect in the 
male mice. In respect to investigation of the sex difference in life span, 
both groups of mice were excellently controlled and the results are statis- 
tically significant. 

On the other hand, the experiment was conducted under certain diffi- 
culties due to the fact that it was necessary to procure a new control group 
about one year after the beginning of the irradiation. This second control 
group may have been subject to different environmental conditions and 
therefore the observed difference in life span cannot be accepted without 
reservation. 

Although no single cause of death predominated, pyelonephritis ap- 
peared to be a major contributing factor. This typical renal disease, 
found frequently in some strains of mice, has been described in detail by 
Dunn (10). It has been frequently associated with dermatitis and the 
incidence has been modified by changing the diet (11). Therefore, the 
incidence in any inbred strain can be expected to vary with changing con- 
ditions in the animal room. 

The sex difference in renal disease noted in this study may be related 
to the fact that the kidney of the male mouse differs from the kidney of 
the female (12). However, when Heston and Deringer (13) found an 
incidence of amyloidosis of about 27 percent in LAF, mice they observed 
no sex difference. It was suggested, prior to this experiment, that nephri- 
tis and related kidney disease might be less prevalent in the irradiated 
animals. However, the difference between the irradiated and nonirra- 
diated animals was not statistically significant, either in the case of the 
males with an extremely high rate of renal disease or in the case of the 
females with a lower incidence. 

From previous findings, it was thought that the mammary tumors, both 
carcinomas and sarcomas, were associated with granulosa-cell tumors of the 
ovaries (3,5). Inthe present study this association did not hold. More 
subcutaneous sarcomas occurred in the absence of ovarian tumors than in 
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their presence. Only 1 mammary carcinoma occurred in the presence of a 
granulosa-cell tumor while 7 appeared in mice with no ovarian tumors. 

Except for an increase in ovarian tumors, 0.11 r did not seem to affect 
the ovaries, for no appreciable difference existed between the appearance 
of the ovaries of the controls and those of the irradiated mice. However, 
the tumor incidence in the controls of the present study was only 4 per- 
cent as compared with the 14 percent of the controls in the old experiment 
and 11 percent and 66 percent in the irradiated mice of the new and old 
experiment, respectively. 

The lung-tumor incidence in this present study did not differ greatly 
from that found in the former one (when the occurrence in the males and 
females is combined) although the percentage of lung tumors in the new 
controls is larger than that previously found. One interesting observation 
might be made when the lung-tumor occurrence in the males and that in 
the females are considered separately. No sex difference was seen in the 
control animals, and no increase due to irradiation was seen in the females. 
A sex difference in the irradiated animals occurred, which was significant 
at the 2-percent level. This difference was due to an increase in lung 
tumors in the irradiated males, which is significant at the 5-percent level. 
It appears that this low-level exposure did increase the lung-tumor 
incidence in the males but not in the females. 

The data presented here indicate a lower lung-tumor incidence than 
that reported by Heston (14), who found an incidence of 53 percent 
in LAF, mice 18 months of age. However, Heston examined the lungs 
for tumors under the dissecting microscope, whereas we did not use the 
microscope. 

According to Metcalf and Inda (15) exposure of rats to X radiation 
doses of 0.1 to 10 r per day increased the incidence of leukemia and reticulum- 
cell sarcoma. Nevertheless, the increase found in the LAF; mice exposed 
to 0.11 r was not expected because only exposure levels of greater than 2.2 r 
caused an increase in lymphocytic neoplasms in the original experiments. 
The sex difference in the occurrence of lymphocytic neoplasms is the reverse 
of that found in LAF, mice exposed to the ionizing radiations of nuclear 
detonations where thymic lymphoma appeared more frequently in the males 
than in the females (16). Induction of these neoplasms by chronic irra- 
diation may differ from that caused by a single exposure. 

The increase in weight of the males is a typical response to chronic 
low-dose irradiation. There is no need to discuss it here, because it has 
been thoroughly covered in the report of the original experiments and no 
new data have been obtained to explain this observation. 


Conclusion 


LAF, male mice exposed to y radiation of radium at a dose level of 
0.11 r per 8-hour day from 1 month of age until death had a mean survival 
time of 783.1 days while that of nonirradiated LAF, male mice had a 
mean survival time of 683.5 days. This increase of 99.6 days is significant 
at the 0.01 level. 
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LAF, female mice similarly exposed had a mean survival time of 820.4 
days as compared to 802.9 days of the controls. This increase of 17.4 
days is not significant. 

An increase in the incidence of lymphosarcomas and other tumors of 
the reticular tissues occurred in both the male and female irradiated mice. 
Mammary carcinoma incidence was also higher in the irradiated animals. 
The increase in both cases was statistically significant at the 0.01 level. 
In addition, the irradiated females showed an increase in ovarian tumors 
(P<.05) and the irradiated males showed an increase in lung tumor 
incidence (P<..05). 
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In a previous paper the 30-day LD» of X ray was reported to be 1.42 
times that of the a particles from radon and its daughters (1). The 
exposures were based on the total energy absorbed. It was also shown 
that the short-lived decay products concentrated in the kidney and there 
produced a dose 14 times the average dose. The radon and X-ray regres- 
sion curves were not parallel, however, thus indicating the possibility 
of a difference in mode of death. 

Dr. Thelma Dunn (2), while examining kidney sections of leukemic 
DBA mice treated with radon, pointed out the unique alteration in the 
histology of the cortical portion of kidneys. Tubular atrophy and bizarre 
nuclei in the tubular epithelium were observed. This finding, along with 
the discovery of the high kidney dose, pointed to renal failure as a cause 
of death. This had not been found after X irradiation. 

Lacassagne (3) found that a rabbit after receiving polonium apparently 
died of severe kidney damage while a rabbit receiving 10 times the energy 
dose of X irradiation did not die. 

Damage to the kidneys rarely occurs after doses of less than 2,000 
r X irradiation (4-6), although 630 r total-body irradiation has been re- 
ported by Upton and Furth (7) to induce nephrosclerosis in mice 15 
months after treatment. On the other hand, kidney damage has been 
reported following injection of polonium, plutonium, or radium (4, 4). 

This study reports the survival time after a near-lethal dose of radiation 
by @ particles from radon and its short-lived decay products, RaA, RaB, 
RaC and RaC', and a comparison is made with survival time following 
X irradiation with a comparable total-body exposure. In addition, a 
short report is made of the character of the kidney lesion. 


Method 


Strain A male mice derived from the Bittner subline but raised in this 
laboratory were used in these experiments. They were 3 to 3.2 months 


' Received for publication October 26, 1954. 
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of age at treatment and were housed in plastic cages on the same shelf for 
the entire period of observation with the exception of one group mentioned 
below. The mice were weighed periodically and allowed to live out their 
entire life span after the initial treatment. Autopsies were not performed 
on these first three groups of animals, as survival time only was desired. 

One group of 20 mice was kept as control. The second group of 20 mice 
was injected intravenously with a 4-hour-old solution of 0.016 me. per 
gm. radon in equilibrium with its decay products. This amount of radon 
had been found (8) to give a dose equal in absorbed energy to that pro- 
duced by 400 r X rays. This dose is largely from the RaC! a particles. 
For two days after injection these mice were kept in the treatment room. 

The third group of 20 mice was X-irradiated with 400 r. The X irradia- 
tion was obtained from a 186 KVP, 20 Ma. beam at a distance of 164 cm. 
and extended over a 2-hour period. The filters were increased throughout 
this time to simulate the radon dose rate. 

Three additional groups of strain A male mice of the Heston subline 
were similarly treated, but were killed serially and autopsied. The 
kidneys were weighed and half of each kidney was fixed in 10-percent 
formalin and stained with Sudan IV. The other half of the kidneys and 
other organs were fixed in formalin-Zenker solution and stained with 
hematoxylin and eosin. 

The schedule for killing the radon-treated animals was as follows: 1 per 
day for 7 days following treatment, then 1 every other day for 7 days, then 
1 per week for 5 months. The X-irradiated animals were killed as follows: 
1 per day for 6 days, then 2 per week for 2 weeks, and the remainder at 
1- or 2-week intervals. The controls were also killed at 1- or 2-week 
intervals. The mice to be killed were selected at random, except for 10 
mice in each group which were used for blood counts and therefore kept 
until the end of the experiment. 

Because the short-lived decay products of radon disintegrate and form 
RaD, which eventually forms RaE and polonium, some chronic irradiation 
will take place if these products are retained in the body. It was therefore 
thought advisable to study the retention of RaD and estimate the dose 
from RaD, RaE and polonium. 

Strain A male mice (of both Heston and Bittner sublines) were in- 
jected intravenously with solutions of RaD in 0.1-percent sodium citrate. 
The mice were killed at 2, 4, 24 and 48 hours and at 6, 8, 15, 98 and 225 
days after injection. 

The kidneys, lungs, liver, femurs, sternum and spleen were weighed, 
placed in flat-bottomed pyrex ashing dishes and ashed for 3 days at about 
50° C. on the first day, 80° C. on the second day, and 100° C. on the third 
day. The ash, still in the pyrex dish, was then ground in methyl alcohol, 
the methyl alcohol evaporated and the sample counted. Methyl alcohol 
was chosen to prevent loss of ash in grinding because of its low boiling 
point. 

The carcasses were placed in weighed crucibles and ashed in a manner 
similar to that of the tissues, except the ashing time was at least twice 
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as great at each temperature. The total ash was weighed, and ground 
in a mullite mortar. Methyl alcohol was again employed. Suitable 
amounts of ash were transferred to metal counting dishes. The methyl 
alcohol was evaporated and the ash weighed. 

When RaD was in equilibrium with RaE, the 6 particles from RaE 
were counted with a thin window-counter and the amount of RaD was 
determined. A correction for the difference in backscatter from glass to 
metal was made. The amount of energy absorbed by the tissues from 
RaD, RaE and polonium was determined by the method of Cornfield (9). 
To give a maximum energy, it was assumed that RaE and polonium were 
not eliminated. 

Results 


Several mice died from acute irradiation injury and were discarded. 
The radon treatment shortened the mean survival time by 56 percent but 
the 400 r X irradiation did not shorten the life span, as shown in table 1 
and text-figure 1. Both the survival curves and the table show survival 
time after treatment. The animals X-irradiated with 400 r lived longer 
than the controls. 
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TEXT-FIGURE 1.—Survival curves of strain A male mice following: a) No treatment; 
b) 400 r X irradiation; or c) intravenous injection of 0.016 mc. per gm. radon in 
equilibrium with its daughters. 


TaBLe 1.—Mean survival time of strain A male mice 
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The radon-treated animals lost weight after treatment and although 
they regained weight in 4 or 5 weeks, their weight never rose to control 
level (text-fig. 2). The X-irradiated mice lost very little weight, however, 
and remained at the control level throughout their life. 

The erythrocyte counts of both the X-irradiated and the radon-injected 
mice dropped 2 weeks after treatment and began recovering 4 weeks 
after treatment (text-fig. 3). The radon-treated mice did not recover 
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TEXT-FIGURE 2.—Body weight of strain A male mice following: a) No treatment; 


b) 400 r X irradiation; or c) intravenous injection of 0.016 mc. per gm. radon in equi- 
librium with its daughters. 
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TPxtT-FIGURE 3.—Erythrocyte count of strain A male mice following: a) No treatment; 
b) 400 r X irradiation; or c) intravenous injection of 0.016 mc. per gm. radon in 
equilibrium with its daughters. 
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Weeks After Treatment 


TExtT-FIGURE 4.—Leukocyte count of strain A male mice following: a) No treatment; 
b) 400 r X irradiation; or c) intravenous injection of 0.016 mc. per gm. radon in 
equilibrium with its daughters. 


completely; the red blood count remained below the level of the controls 
and dropped even further as the mice reached the end of their life span. 
No marked anemia was seen terminally in the animals treated with 400 
r X ray. There was marked leukopenia and lymphopenia following 
treatment and this was of the same severity in both irradiated groups (text- 
fig. 4). The radon-treated mice showed a return to a normal leukocyte 
count sooner than the X-irradiated mice. 

The kidney weights of the mice treated with 400 r X irradiation did 
not differ from those of the controls, but those of the radon-treated 
animals dropped 18 weeks after treatment (text-fig. 5). At autopsy 
these kidneys were contracted, very firm in consistency, and gray-brown 
in color. 

The histologic study of the kidneys in the three groups revealed scattered 
cases of pyelonephritis both active and healed, papillonecrosis and amy- 
loidosis in the control group. In the group that received 400 r total- 
body X irradiation the kidneys resembled those seen in the untreated 
controls. These inflammatory kidney lesions appeared only in mice 
more than 8 months old. Of the 18 control animals killed 20 weeks or 
more after start of the experiment, 11 showed inflammatory kidney 
lesions, while they appeared in only 4 of the 17 X-irradiated mice killed 
in the same period. 

The animals injected with radon showed (beginning 6 weeks after 
treatment) extreme atrophy of the cortex. Occasional convoluted 
tubules had a relatively normal appearance but the majority showed 
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marked distortion of the lining cells with atrophy a prominent feature 
(fig. 1). Many bizarre giant nuclei were present. Some of the glomeruli 
showed thickening of the capillary walls and increased endothelial cells 
but the majority showed a normal appearance (fig. 2). 

In the first week after treatment the hematopoietic organs of both 
treated groups were essentially the same and showed acute radiation 
changes. The spleens of the radon-treated animals began regeneration 
earlier than those of the X-irradiated animals. In addition, in the first 
9 days after radon injection, kidney damage consisting of degenerative 
fatty infiltration of the tubular epithelium was seen throughout the cortex 
in several mice. 
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Weeks After Trectment 


TEXT-FIGURE 5.—Kidney weights of strain A male mice following: a) No treatment; 
b) 400 r X irradiation; or c) intravenous injection of 0.016 mc. per gm. radon in 
equilibrium with its daughters. 


At all periods later than 2 weeks following treatment when animals 
of comparable age were killed, all organs except the kidneys appeared 
histologically similar. The only exception was a radon-treated animal 
killed 21 weeks after treatment in which a lymphosarcoma had replaced 
the thymus. 

The chronic radiation produced by RaD, RaE and polonium was very 
small. RaD was eliminated very slowly from the mouse (table 2). How- 
ever, the amount in the lungs, liver and spleen became negligible by the 
15th day. The content of the kidneys was relatively high and dropped 
gradually until at 98 days it was undetectable, by the methods used. 
On the other hand, the content of the femur rose during the first day 
and remained relatively constant for 2 weeks and then was eliminated 
extremely slowly. The content of the sternum was of the same order 
of magnitude as that of the femur. The spread in data was considerable, 
and the data represent only 4 animals at each time interval. 
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TABLE 2.— Radium D retention 
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The total energy absorbed in the mouse from RaD, RaE and polonium 
when 0.016 me. per gm. of a 4-hour-old solution of radon was injected 
was estimated to be 599 ergs per gm. or 6.4 r (93 ergs per gm. equals 1 r). 
The total energy absorbed in the kidney was estimated to be 1,550 ergs 
per gm. or 17 r, and in the sternum 5,157 ergs per gm. or 55 r, provided 
RaE and polonium are not eliminated. 


Discussion 


RaB, RaC and RaC' have previously been found to concentrate in the 
kidneys, and the radiation dose to the kidney has been estimated to be 
520,000 ergs per gm. following an intravenous injection of 0.016 me. per 
gm. radon in equilibrium with its decay products (1). It is, then, not 
surprising to find that earlier death in animals following administration 
of radon and its decay products can be explained by renal failure. This 
is probably due to renal failure which may also account for the terminal 
anemia and weight loss. 

The kidney damage appears to be the same as that described by 
Cassarett (5) in rats receiving polonium injection but different from the 
X-ray-induced nephrosclerosis of Upton and Furth (7). Cassarett ob- 
served the first changes in rat kidneys 28 days after polonium injection 
and marked changes at 42 days. The mouse kidneys showed an early 
damage in the first week and then appeared normal until the 42nd day. 

More mice are required in order to evaluate the extent of the early 
degenerative changes, from which the animal apparently recovered. Inju- 
ries which produce such profound later changes, after radiation of 2-hour 
duration, should be visible. This early kidney injury may have increased 
the number of early deaths after near lethal doses. (In the 30-day 
LDs study, the radon-treated animals died earlier than the X-irradiated 
animals, even though the white counts returned to normal sooner.) 
If a more even distribution of radon-decay products were obtained, 
perhaps a higher LD, dose would be found. On the other hand, the 
relative biological effectiveness of a particles cannot be compared with 
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that of X rays by comparing LD» doses unless the cause of death is known 
to be the same. 

The late kidney damage cannot be the result of the RaD, Rak, or 
polonium remaining in the kidney for these produce only slight radiation 
energy over the entire life span. Furthermore, the damage cannot be 
attributed to heavy metal toxicity because there is much less than 107" 
gm. RaD, per gm. kidney, and also because bismuth and lead isotopes 
would not be expected to cause the damage seen here. 

Between the tenth and eleventh month after treatment, the air- 
conditioning in the animal room broke down and the room was very 
warm for several days. During this time 4 mice in the X-irradiated 
group and 7 in the control group died; hence the sudden dip in the 
survival curve. 

Although the number of animals in the life span study is too small to 
show a real increase in mean survival time following 400 r, the results 
suggest that 400 r does not shorten the life span of strain A males. 

This is not in agreement with survival data found on C3Hf mice where 
an acute dose 400 r X irradiation reduces the mean survival time from 
about 700 days to 510 days (10). Strain A male mice X-irradiated with 
400 r at birth in this laboratory (11) showed an increase in lymphosarcoma 
incidence at 1 year. On the other hand, the serial killing experiments 
indicate that inflammatory kidney lesions were more prevalent in the 
control animals than in the irradiated mice. This suggests that the short 
life span of the controls is caused by these inflammatory lesions. 


Summary 


Strain A male mice were treated with 400 r X irradiation, injected with 
a dose of radon in equilibrium with its daughters such that the absorbed 
energy was equivalent to that of 400 r, or kept as controls. The mean 
survival time of the X-irradiated animals was found to be 425, that of 
the radon-treated mice 165 days, and that of the controls 377 days. 

A small serial killing study was done on mice treated similarly that 
showed that the shortened life span following radon treatment could be 
explained by renal damage, which was not found in mice of the other 
groups. An early kidney damage was also seen in the week following 
radon injection. 

In addition, data obtained on the storage of RaD in the body indicated 
that RaD remained in the femur, sternum and kidneys, although it was 
eliminated from other tissues relatively rapidly. The kidney dose from 
RaD, Rak, and polonium after injection of 0.016 mc. per gm. of radon 
in equilibrium with its short-lived decay products was estimated to be 
1,550 ergs per gram or 17 r. 

These findings indicate that the kidney damage caused by a high dose 
of irradiation from a particles may be in part responsible for acute deaths 
following radon administration. Since this damage is not seen following 
X irradiation in the LD,» range, the calculation of relative biological 
effectiveness based on an LD, dose of radon as compared to X ray is not 
valid. 
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PLaTE 65 


Fiaure 1.—Irregular atrophy and atypical hyperplasia of cells lining the convoluted 
tubules of the kidney of a radon-injected mouse killed and autopsied 140 days after 
injection. Hematoxylin and eosin. X 340 


Ficure 2.—Photomicrograph of another area from the same kidney shown in figure 1. 
Note the abnormal glomerulus in addition to the tubular changes. An arteriole with 
a thickened wall is present above the glomerulus. Hematoxylin and eosin. X 340 
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Experiments on the Disposition of 


Acutely Inhaled C“O,' 


Austin M. Bruss and Acngs N. Stroup, Divi- 
sion of Biological and Medical Research, Argonne 
National Laboratory, Lemont, Jil. 


Previous reports (1, 2) have dealt with experiments on the long-term 
results following a short period of inhalation of C“O,. This report is 
concerned with the fate of the C* absorbed during a 30- to 60-minute 
period of exposure to C*Q,. 


Materials and Methods 


Male Sprague-Dawley rats, weighing 200 to 250 gm., and female CF-1 
mice, weighing 18 to 30 gm., were used in these experiments. Tracheal 
cannulae were inserted under nembutal anesthesia. A simple valve sys- 
tem, constructed in a lucite block by Mr. George Svihla, was placed 
distal to the cannula so that air was inhaled from the room or from a 
vessel saturated with water vapor containing CO, and exhaled into a 
system to which rubber balloons were attached for the collection of 
samples. The measured dead space in the apparatus used for mice was 
less than 0.1 cc. and in that for rats was between 0.3 and 0.4 cc. 

Counting of air samples was done by admitting 50-cc. samples (or 
measured samples of smaller volume) from an oiled syringe into a partly 
evacuated 700-cc. chamber containing a thin-window Geiger-Muller tube, 
which was then brought to atmospheric pressure by the rapid admission 
of room air. Exhaled air was thus compared directly with inhaled air 
independently of CO, concentration. Although the counting yield was 
less than 0.2 percent, this method had certain obvious advantages for the 
rapid counting of samples of C“O, with widely variant CO, concentrations. 

Consideration was given to the effect on counting of the changed gas 
composition of the air as it was inhaled and exhaled. The change in 
density can be considered negligible (less than 0.2 percent under the 
conditions specified), and if saturated water vapor is inhaled the only 
change in volume through the respiratory cycle would be due to the effect 
of a respiratory quotient less than unity, which would introduce a correc- 
tion not exceeding 1 percent. Since the counting chamber was very large 
with respect to the range of C" 8 rays, the effect of changing barometric 
pressure and temperature would likewise be negligible. 


! Received for publication November 5, 1954. 
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After permitting the anesthetized animals to breathe room air through 
the apparatus, a valve was turned admitting air containing the tracer. 
Expired air was collected in ordinary rubber balloons, and it was ascer- 
tained that no measurable loss of C“ occurred from these balloons over 
a period of 3 to 4 hours. All expired air was collected at intervals of 
1 to 8 minutes. After the exposure period the intake stopcock was again 
switched to receive room air, and collections of expired air were con- 
tinued for about lhour. Since the room air was not specially humidified, it 
can be estimated that the readings on expired air during this terminal 
period should be corrected upwards by about 2 percent. The experiments 
usually had to be terminated within 2 hours after cannulation because 
of the collection of mucus in the cannulae. 


Results 


Text-figure 1 illustrates the results of a typical mouse experiment. 
The two upper lines show the concentration of C“ in inhaled and exhaled 
air during the exposure period. The lower lines show the rate of accumu- 
lation of C in the mouse and (after the vertical line) the rate of loss 
from the animal after changing over to room air. The fact that the rate 
of loss just after the end of exposure and the rate of intake just before 
are equal is fortuitous and simply means that at that time the specific 
activity of blood bicarbonate was about half that of alveolar CO. 
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TEXT-FIGURE 1.—Accumulation and loss of C during and after exposure of @ 
mouse to C4O;. The upper lines indicate the level of CO, in ye. per liter in inhaled 
and exhaled air. The lower solid line indicates the rate (amount per minute in 
arbitrary units, a.u.) of accumulation before termination of exposure (at vertical 
line) and the rate of loss, in the same units, after termination. Broken lines are 
smoothed rates based on the actual measurements represented by the solid lines. 


Interpretation of data thus gained from the experiments makes it 
possible to state certain facts: 
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1) Percent clearance of C“ from the air is shown by the rate of C* 
uptake extrapolated back to zero time, where C" is first introduced into 
the inhaled air. This value is usually between 50 and 65 percent. The 
major factor maintaining this value below 100 percent is the dead space 
which, calculated from CO, content of expired air assuming an alveolar 
CO, of 5.5 percent, is 50 percent in the mouse and 33 percent in the rat. 
An additional factor is due to the net loss of CO, from blood during the 
respiratory cycle, which requires that about 10 percent of the amount of 
CO, taken into the alveoli shall remain there at the time of expiration. 

2) The rate of C* uptake decreases rapidly at first as the blood and 
tissue bicarbonate become saturated with the isotope. After about 20 
minutes in the mouse and 30 to 35 minutes in the rat, a phase is reached 
in which the uptake becomes almost constant. In this period the major 
factor in the uptake of C* is its net movement into other compartments, 
presumably organic compounds and bone carbonate. 

3) The rate of C™ loss after the termination of the exposure period 
is considerably less than the initial uptake rate. The specific activity 
of expired CO, at this time must be equal to that of venous blood bicar- 
bonate, and from this and the plateau uptake of C™, one can calculate 
an approximate value for the rate at which carbon exchanges between 
blood bicarbonate and the inner compartments. 

4) The size of these inner compartments cannot be determined directly 
from these acute experiments. This can be found by long-term inhalation 
experiments, since they tend to reach a constant activity after several 
days of exposure. 

The following tables give values derived from the experiments. Two 
assumptions have been made in calculating these values: that the alveolar 
CO, concentration is 5.6 percent (2.5 mM/liter) and that the total-body 
bicarbonate-CO, content is 12mM perkg. Dataon intake of C“ represent 
the average of values for 5 mice and 11 rats. Three of the rats received 
5 percent CO, throughout the experiment, but none of the results differed 
significantly from those in rats breathing normal air. 

In table 1 the uptake of CO, from alveolar air into blood is shown to 
be of the same order of magnitude as the loss in the opposite direction. 
This might be anticipated, since CO, exchanges readily between blood and 
alveoli and since the concentration of bicarbonate in blood is much higher 
than that of CO, in the alveoli. The rate of uptake by tissue organic 
compounds, being some fraction of the rate of passage into inner compart- 
ments is, however, less than one-half of the rate of net CO, loss. The 
turnover rate between blood and the inner compartments is 40 percent 
of that between alveolar air and blood in the mouse, and 49 percent in 
the rat. 

Table 2 shows the fate of the C™ passing into the inner compartments 
during the 45-minute exposure. The total C™ space in terms of 4M 
of alveolar CO, is shown first; from this and the blood specific activity 
is calculated the amount of the absorbed C™ that is in blood and tissue 
bicarbonate and the amount in the inner compartment. 
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TABLE 1.—Respiratory exchange of C'4 


























| Mice Rats 
| | 
| Mean | Range Mean Range 
eS rere | 25 18-30 | 232 204-248 
Minute volume (cc.)......... 16. 1 10-21 100 75-130 
,  § § "s Re ene 0.15 0. 1-0. 22 1.5 1. 4-1. 6 
Deed enece 666.) .... 256 ekee 0. 06 0.04-0.08 | 0.5 0. 4-0. 6 
Initial C™ clearance (%)...... 55. 7 50-61 62.5 | 50-76 
C cleared from alveolar air t 
blood, wM/min............ | 24 13-30 161 142-200 
Apparent amount cleared | | 
through to inner compart- 
"ERE ERE alle: eel 5. 6 4. 5-7. 5 45 25-55 
C saturation of venous blood 
ee eS. eee 58 51-75 56 | 45-66 
C cleared from blood to inner | 
compartments, uM/min..... 9.9 6. 7-14. 7 79 55-98 
TaBLE 2.—Distribution of C'4 after a 45-minute exposure period 
| Mouse Rat 
(a) C space as mM of alveolar CO;...................4.. | Q35 2.4 
(b) Specific activity of blood, as % of alveolar............. 58 56 
(c) Assumed blood and tissue bicarbonate,mM............ 0. 30 2.8 
(d) C™ space in blood and tissue bicarbonate (b X c)....... 0. 174 1. 57 
(e) C™ space in inner compartments (a — d).............. 0. 176 0. 83 
(f) Percent of absorbed C"* in inner compartments (e/a)..... 50 34 





Thus, after a 45-minute exposure, a considerable portion of the ab- 
sorbed CO, is in forms other than bicarbonate ions. At the end of expo- 
sure, it is probable that C™ passes from the intermediate bicarbonate 
compartment in both directions (toward alveoli and toward inner com- 
partments) until its specific activity becomes reduced to the same level 
as that of the more labile inner compartments. Inspection of certain of 
the mouse experiments indicates that a reversal of flow occurs when the 
inner compartments contain about 3/4 of the retained carbon, indicating 
that the order of magnitude of the more labile components is about three 
times that of the bicarbonate pool, or 1 mM in the mouse. Long-term 
exposures indicate a somewhat larger compartment exchangeable with 
CO, (3). 

Table 3 shows the distribution of C™ after 45 minutes of exposure, 
expressed in terms of the volume of inhaled air from which the C™ has 


TABLE 3.—Distribution of C' after a 45-minute exposure period* 











| Mouse Rat 
ITs 5 orn 5 i cig vib mig: wip Seven SR Ra Pid nla Oe 141 836 
Amount in inner compartments... . 20. ccccccvccesecees 71 280 
CN LEE IEE ET OE ET ee 2. 84 1. 21 
er NOOE  eicccdiennenseanssnterna cake | > talaaaten Some 2. 24 
rs NINN oh in costars in alacei Stee MEKGINS Kk ie lala eek Gee mB eons 3. 65 
Amount lost in 1 hour following exposure period............ | 67 419 










*Note: all values in cc. of air equivalent. 
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been cleared. In addition, the results of analyses of bone for carbonate 
and of liver for organic carbon are shown (mean values of 3 rats). 

The nature of the organic C compounds developed in liver at this 
time is not known; analyses of alcohol-soluble and alcohol-insoluble 
fractions showed that C™ was about equally distributed between them. 
In three experiments, the alcohol-soluble moiety made up 46, 50, and 60 
percent of the total. The composition of fixed carbon at its saturation 
value has been studied in detail (4). 

It may be interesting to consider the rate of passage of C“ into organic 
carbon of liver and into bone carbonate in this brief period in relation to 
the rate at which it later approaches saturation. Calculations made from 
the data in table 3 have been compared with the figures given by Buchanan 
and Nakao (3,5). If we assume that the carbon of liver is about 14mM per 
gm. (2) and that about 2 percent of this is eventually saturated with air- 
derived carbon (3), and if we take the alveolar air to be 2.2 mM per liter, 
it can be estimated that the organic carbon of liver has reached 1.8 percent 
of its saturation value in 45 minutes, while in one day those figures which 
have been published (3) suggest that it has reached about one half of the 
saturation value. A similar calculation for bone carbonate shows that it 
has exchanged to the extent of 1 percent with alveolar CO, in 45 minutes, 
and about 17 percent at the end of a day (5). In spite of the fact that 
these figures are derived from different sources, and the nature of some of 
the assumptions, it does appear that the incorporation of C from CO, 
into tissue and bone proceeds at a relatively steady rate until it approaches 
its saturation value. 

Summary 


1) Clearance of CO, from air into the blood of rats and mice proceeds 
with almost theoretical efficiency. Calculated rates of passage of alveolar 
CO, into the blood are 24 uM per minute in the mouse and 160 uM per 
minute in the rat. Uptake of C" is essentially unaffected by the CO, 
concentration of inhaled air. 

2) Passage of C* from the bicarbonate compartments into inner com- 
partments proceeds at a somewhat slower rate: 10 1M per minute in the 
mouse and 80 uM per minute in the rat. At the end of a 45-minute 
exposure, the specific activity of venous blood is 55 to 60 percent that of 
alveolar air. 

3) After a 45-minute exposure, one half of the absorbed C™ in the 
mouse and one third in the rat, have passed through the bicarbonate pool 
into inner compartments. These include bone carbonate and both alcohol- 
soluble and alcohol-insoluble organic compounds in tissue. 
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Effects of Combined Local Treatment 
With Radioactive and Chemical Car- 
cinogens ! 


ArtHur M. CLoupman,? Katuerine A. Hamiz- 
TON, Raupx S. Ciayton,’ and Austin M. Bruzs, 
Division of Biological and Medical Research, Ar- 
gonne National Laboratory, Lemont, Ill. 


It is becoming generally appreciated that carcinogenic agents are of 
universal occurrence and there is reason to believe that the environmental 
hazard which they represent is increasing. In view of this, and of the 
complexity of the carcinogenic process in terms of the existence of cofactors 
and of stages in the development of induced malignant tumors, it is 
obviously of interest to study the interaction of radioactive and chemical 
carcinogens. For this reason, a series of experiments was set up to test 
the interaction between methylcholanthrene and agents emitting beta 
radiations in producing tumors of skin and underlying tissues. 


Materials and Methods 


CF-1 female mice, obtained from Carworth Farms, were employed in 
these experiments. The mice were from 42 to 55 days of age and weighed 
between 18 and 23 grams. After treatment as described below, they were 
kept under observation for the duration of life and sacrificed when mori- 
bund. Pathologic examination was performed routinely, including sec- 
tions of tumors and other grossly abnormal tissues. Two experiments 
were done—one involving superficial applications, the other implantation 
of pellets. 

Superficial carcinogenesis.—In this experiment, methylcholanthrene was 
applied by the use of a #4 camel’s hair brush. Three brush strokes were 
used, covering an area about 4 X 1 cm. on the dorsal surface, centering 
around the midline and extending from scapulae to pelvis. An examina- 
tion of the amount of methylcholanthrene involved was made by measuring 
the depletion rate of a 0.6-percent solution of methylcholanthrene in 
benzene during painting; it was found that the three strokes delivered an 
average of 0.29 ml. of benzene containing 1.74 mg. of the carcinogen. 
This was the usual dose; in one series one tenth of this concentration was 
applied. The amount of carcinogen solution delivered in these experiments 


1 Received for publication November 5, 1954. 
2? Work on these experiments was nearly completed before Dr. Cloudman’s death. 
3 Present address: Radiologist, Parkland Memorial Hospital, Dallas, Texas. 
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was somewhat less than in the single-dose experiments of Cramer and 
Stowell (1). 

Beta radiation was applied by the use of bakelite plaques containing P® 
(2). The mice were sedated by intraperitoneal injections of 1 mg. 
nembutal per gm. of body weight, confined by strings to a cork board, 
and exposed for the required length of time to the plaque, which was 
placed in a specially constructed lucite holder and arranged so that the 
plaque came in contact with a 4 X 1 cm. area of the mouse’s back cor- 
responding to that painted. The first plaque was estimated to yield 19,200 
rep per hour at the time of receipt. This plaque was used until the dose 
rate had decayed by 53 percent, and a second plaque was employed, 
yielding 16,850 rep per hour and decaying by 26 percent in the course of 
exposures. The durations of the individual exposures varied between 
13.2 and 65.4 minutes depending on the dose required and the extent of the 
decay of the P*. When both carcinogens were employed, the radiation 
was administered before the chemical exposure. 

Two series of controls were used ; 30 untreated mice, and 30 mice painted 
with the benzene used as solvent. Three groups of 30 were given applica- 
tions of beta rays in the amounts of 5,000, 7,500, and 10,000 rep. A 
smaller group of 15 received 5,000 rep followed by painting with benzene. 
Methylcholanthrene (1.7 mg.) was administered alone and after 3,000 
and 5,000 rep and 0.17 mg. methylcholanthrene was given after 5,000 rep 
(30 mice in each group). 

Pellet exposures.—These exposures were accomplished by implantation 
of pellets in which the agents were incorporated in cholesterol. The pel- 
lets were prepared by drawing molten cholesterol (<(185° C.) into capillary 
tubes of about 1-mm. caliber. For carcinogenic exposures, 1 percent 
methylcholanthrene in cholesterol was handled similarly, and radiation 
exposures were made by incorporating Y® in the form of yttrium nitrate 
into the molten material. The pellets weighed, on the average, 3 mg., 
and those containing Y” were planned to contain three amounts varying 
by factors of 10. Measurements made on the prepared pellets indicated 
that the mean values were 1.08, 10.8, and 72.6 uc., subject to 10-percent 
variation in either direction. Pellets were injected by trocar into the 
lower right back, through a small incision near the base of the tail. 

In this experiment also, the two carcinogens were used alone as well as 
together. Three control groups, of 30 mice each, included untreated mice, 
those injected with cholesterol pellets, and those with pellets containing 
stable yttrium in the same concentration as the yttrium in the highest 
level of Y". Other groups were treated with pellets containing methyl- 
cholanthrene alone, and Y" at the three concentrations used, with and 
without methylcholanthrene. Owing to accidental loss of some of the 


mice in the latter groups soon after injection, these groups are of variable 
size. 


4 The writers are indebted to Dr. G. E. Stapleton of Oak Ridge National Laboratory, who provided the plaques. 
§’ The surface rates are based on extrapolation chamber measurements supplied with the plaques. Further 


Measurements were made in this laboratory by extrapolation methods, and they may be taken as approximately 
correct 
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Results 


Superficial exposures.—Loss of hair occurred after 80 to 100 percent 
of the exposures with either carcinogen. It took place much more rapidly 
after methylcholanthrene treatment than after irradiation alone (see 
table 1). In mice treated with methylcholanthrene alone, however, it 
was less persistent, and after 24 days 75 percent of the mice had shown 
regrowth; this was followed by a secondary transitory phase of epilation 
between 40 and 55 days. Twenty to twenty-five percent of those mice 
remained partially epilated throughout the experiment. 

Mice treated by beta radiation alone (5,000 to 10,000 rep) remained, 
with isolated exceptions, epilated throughout life, but with a transitory 
recovery around 40 days after exposure. Those given 5,000 rep beta 
radiation plus methylcholanthrene showed a later transitory recovery 
between 100 and 125 days. Those given methylcholanthrene plus 3,000 
rep were intermediate between the latter and mice treated by the chemical 
alone. This suggests a complicated interaction between the growth- 
inhibiting actions of the two agents. 

Ulceration, when it occurred, also appeared sooner with methylcholan- 
threne, and healed sooner. Benzene alone, painted on the skin after 
beta irradiation, accelerated these responses somewhat, so that it is by no 
means certain that methylcholanthrene was responsible for acceleration 
of the beta-ray ulceration and its healing (benzene alone, however, pro- 
duced no epilation or ulcers). Papillomatosis also appeared earlier after 
methylcholanthrene than after beta-ray application or a combination of the 
two; however, a synergism in respect to multiple papillomatosis is sug- 
gested by the data. Thus, the total number of papillomas seen up to 
8 months after treatment exceeds the number of mice where methyl- 
cholanthrene and beta rays were combined (1.7 mg. + 5,000 rep) and they 
are less than one fourth as numerous when either treatment was given 
alone. These observations are tabulated in table 1. 

When the survival curves of the painting experiments are examined 
(table 2), the remarkable fact is noted that methylcholanthrene at the 
higher dose level causes a considerable reduction in survival, while beta 
radiation, although almost as carcinogenic, has no measurable effect on 
survival. 

Autopsy data were examined in an attempt to see if there was a single 
explanation for the decreased survival following a single methylcholan- 
threne application. It was noted that the incidence of pulmonary tumors 
is increased in these experiments, from 70 percent in those not receiving 
methylcholanthrene to 91 percent in those receiving it. It seems likely, 
however, that this cannot alone explain the difference, since survival was 
also shortened in those mice that did not have pulmonary tumors. 

The production of malignant tumors is summarized in table 3. These 
data make it appear that the effects of the two agents are approximately 
additive. We note that subcutaneous tumors appear only when radiation 
has been applied, and that tumors appear earlier in those animals treated 
with methylcholanthrene. It is possible that the chemical agent may 
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TABLE 1.—Time and incidence of epilation, ulceration and papilloma formation in 
superficially treated mice 





ps MCA| MCA| MCA 
ps | 5,000| Pp Pp? | MCA] 1.7 1.7 | 0.17 
5,000 | rep+ | 7,500 |10,000| 1.7 |mg.+ |mg.+ | mg.+ 
rep | ben- | rep rep mg. | 3,000 | 5,000 | 5, 

zene rep rep rep 





Days to maximum epila- 
tion (80-100 % of mice) .| 22 16 24 22 6 11 11 13 
Days to maximum ulcera- 
tion (50-90 % of mice). .| 22 16 24 22 10 15 16 15 
Days to healing of ulcera- 


tion in all mice........ 107 40 /|104 73 24 105 40 39 
Maximum % of mice with 
early papillomas....... 20 13 10 7 17 37 30 10 


Days to maximum early 
papilloma formation... .| 82 61 68 69 45 70 80 74 
Cumulative % of mice 
with papillomas up to 
eer 10 20 17 7 17 46 70 20 
Mean number of tumors 
per mouse with papil- 
Seep gh aay 10] 18) 10] 14] 16) 14] 24] L2 
{ | | 





























TABLE 2.—Days to various percentages of survival (skin applications) 











MCA 
ps MCA 1.7 mg. 0.17 mg. 
Percent | Con- | Ben- 5.000 
survival | trols | zene rep +| 5,000 | 7,500 |10,000 Pom | a . >. ‘ > ae 
en- rep rep rep 2 : : 
peel rep rep rep 
.......1 476 | 430 447 471 480 318 361 316 511 
. ae 528 591 565 535 595 609 353 417 369 605 
rn 663 623 623 690 664 403 485 435 651 



































accelerate the development of sarcomas due to P*: The mean duration 
to death from sarcoma is 437 days without methylcholanthrene and 318 
days with it (4 tumors in each group). It does not seem possible to 
draw any further conclusion, even of doubtful statistical validity, from 
these data. 

The incidences of other types of tumors, not at the site of treatment, 
do not show any striking differences. Lymphomas are more numerous 
in all groups (control and irradiated) not receiving methylcholanthrene 
than in those receiving it (28.8% as against 19.5%), which may be 
explained by the shorter survival of the latter groups. The volume of 
data is not sufficient for study of the age-corrected incidence. It is of 
interest that 3 primary tumors of heart were described grossly, on one of 
which microscopic examination has been made and shows a rhabdomyo- 
sarcoma. 

Implanted carcinogens.—No differences in survival in the various groups 
were seen comparable to those in the other experiment. For reasons 
which are not clear, control survival was considerably greater in this 
experiment (table 4). 
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TABLE 3.—Incidence of malignant tumors at treatment site (superficial treatment) 











Total mice Mean Subcu- 
— with tumors ) — taneous 
percent) : ; to deat tumors 
Mice alive 100 days (days) (percent) 
ay pinion oe aiath 1.8 (1/55) 459 0 
P32, 5,000 rep*..... = 11.1 (5/45) 461 40 
pa’ 7, 500-10, 000 rep. erates 10. 0 (6/60) 540 83t 
MCA 1.7 mg............ 16. 7 (5/30) 310 0 
—— me + P% 3,000 
TA ey ere 23. 3 (7/30) 255 15 
MCA, 7 mg. + P® 5,000 
Lewd annie eee elena 41.4 (12/29) 303 25 
MCA 0.17 mg. + 5,000 
Ee ae 13. 8 (4/29) 547 25 

















*With and without benzene painting. 
tIncludes 3 malignant tumors of hibernating gland, mean duration to death 614 days. 


TaBLe 4.—Days to various percentages of survival (pellet injection) 









































ya << MCA 1% + Ym 
Percent _— Choles-| Stable o 
survival terol | yttrium +11] +11] + 73 
1.1 ywe.| 11 we. | 73 we. | alone jo my “. 
50......] 510 499 443 465 409 296 397 | 475 410 436 
25.. | 629 603 (5, Sear 517 479 537 557 515 547 
eee 715 774 eee 549 610 607 580 710 616 





The chief difference in superficial response to the two agents was the 
presence of epilation over the site of the radioactive pellets, as might be 
anticipated on the basis of the range of the beta particles (over 50% of the 

‘energy will be absorbed at a distance greater than 1 mm. from the source). 
Similarly, carcinomas were frequent in animals irradiated by pellets (in- 
cluding 2 mixed tumors) and 2 of the sarcomas arose in bones close to the 
implantation, while only soft tissue sarcomas appeared when methyl- 
cholanthrene alone was used. Ulceration was more frequently observed 
in mice treated with the higher amounts of radioactivity, and reached 100 
percent at the highest dose. The malignant-tumor incidences are seen 
in table 5. 

Here we fail to see any dose-dependence of time or incidence of tumors 
induced by the radioactive carcinogen, possibly owing to the small num- 
bers of animals involved. We also fail to see evidence of additivity: The 
mice treated with radioactive pellets containing methylcholanthrene show 
about the same incidence of tumors (and proportion of sarcomas) as those 
treated by methylcholanthrene alone. It may be suggested that the 
tissue subjected to chemical insult is within the area destroyed by the 
radiations, so that in effect the methylcholanthrene is neutralized. It is 
also possible that loss of pellets through ulceration may play a part. It 
may also be noted that, in this mode of treatment, methylcholanthrene, 
as well as producing no effect on life span, has no influence on pulmonary- 
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TABLE 5.— Malignant tumors in treatment area (pellet injection) 














i Mean : 
mi 
Tumors ( Bay dec ) duration Cote 
(percent) Mice alive 100 days "7 — (percent) 
I oo 5.5 ia viateeseciaie 0 RL. ePee herent eres 
SS Se eee 0 (i, See See 
Stable yttrium.......... 0 BM dhe a aig 
yk So ore 50. 0 (1/2) | i See en 
8 Py 65. 0 (13/20) 387 73 
(ek ere 13. 3 (2/15) 435 0 
i 3 ae 40. 0 (12/30) 321 0 
MCA+1.1 yc. Y®.... 48. 1 (13/27) 433 70 
MCA+11 ype. Y®........ 34. 8 (8/23) 390 67 
MCA+73 ue. Y"........ 33. 3 (10/30) 417 57 

















*Of tumors diagnosed by microscopic examination. 


tumor incidence, which (after the first 200 days) is 75 percent in all mice 
treated with methylcholanthrene, and 77 percent in those treated without 
it. Similarly, no effects of the various treatments on other tumors not 
appearing in the treated area can be made out. 


Discussion 


The results, as outlined above, seem to show that radioactive and 
chemical carcinogens are approximately additive when applied to the 
skin; that they are less than additive (probably due to destruction of 
tissue by local radiation) when applied in the form of injected pellets. 
They indicate that the beta rays used, in terms of the tissues in which 
tumors are induced, are more penetrating than methylcholanthrene, 
either applied to the skin or administered as subcutaneous pellets. It is 
suggested that the application of methylcholanthrene to the skin may 
accelerate the development of sarcoma due primarily to superficial beta 
irradiation, but this is by no means demonstrated statistically. The 
possibility that hydrocarbons and radioactivity might reinforce each 
other when each is applied in minimal amounts is not ruled out, although 
these experiments demonstrate that a minimal dose of methylcholanthrene 
has no influence on befa-ray carcinogenesis. Regarding papilloma forma- 
tion, it does appear (table 1) that the incidence of papillomas, especially 
multiple papillomas, is more than additive after application of the two 
carcinogens; but there is no such evidence in the case of malignant tumors. 
It would be presuming too much to assume that this means that cancer 
production by the two agents is due to separate events; but the data may 
be taken to indicate that neither agent potentiates the other to a remark- 
able degree. 

One striking finding is the decrease in life span following a single super- 
ficial painting with methylcholanthrene. This reduction in life expect- 
ancy cannot apparently be explained on the basis of any single pathologic 
state and suggests that the hydrocarbons, introduced in this way, may 


shorten life in a general way such as has been attributed to total-body 
irradiation. 
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It is worth mentioning, although attention has been brought to this 
previously (3, 4), that tumor induction by hydrocarbons occurs earlier 
than that by exposure to radioactivity. The findings with respect to 
epilation and ulceration indicate an interaction between the two that is 
not altogether simple. 


Summary 


A carcinogenic hydrocarbon (methylcholanthrene) and beta-ray sources 
(P® and Y*) were applied, together and separately, to the skin and to 
the subcutaneous tissues of mice. 

Carcinogenic effects of the two agents applied to skin were approxi- 
mately additive, although there was a suggestion of some synergism 
between them in the production of papillomas. 

The two agents were somewhat less than additive when given in the 
form of subcutaneous pellets. It is suggested that destruction of a local 
area of methylcholanthrene effectiveness by the high-radiation dose to 
this area may be responsible for this. 

Application of methylcholanthrene to the skin of young adult mice in 
an amount of 1.7 mg. in a single painting shortens survival of mice by 
about one third. This effect is not shared by superficial beta irradiation 
in carcinogenic doses, by implantation of pellets containing carcinogenic 
doses of hydrocarbons or beta-emitting agents, or by the benzene solvent 
applied to the skin. 
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Aminoaciduria Following Total-Body 
Irradiation in the Human"? 


Evans J. Katz and Rosert J. Hasteruix,** 
Division of Biological and Medical Research, and 
Health Services Division, Argonne National Labora- 
tory, Lemont, Ill. 


Careful study of individuals accidentally exposed to varying amounts 
of ionizing radiation adds much to our knowledge of the mechanisms of 
acute radiation injury in man. Since the first military use of the atomic 
bomb, two accidents have occurred at the Los Alamos Scientific Laboratory 
as a result of temporarily uncontrolled fission reactions, causing the 
exposure of ten individuals to clinically significant doses of total-body 
radiation. The extensive clinical and laboratory studies of these indi- 
viduals have been reported (1). Two died as a result of the exposure; one 
of the survivors showed the typical clinical manifestations of the acute 
radiation syndrome. The remaining survivors were asymptomatic, 
although clinical laboratory findings showed changes in the hematologic 
picture such as sustained lymphopenia, moderate neutropenia and 
thrombocytopenia, and prolonged blood-clotting time. Chemical studies 
of the blood did not indicate specific or marked changes. Studies of the 
urine chemistry, however, showed significant changes in several respects, 
the most striking being the excretion of large amounts of urinary amino 
acids and greater than normal quantities of corticosteroid-like substances. 
The aminoaciduria was believed to be caused by a deficiency in amino-acid 
utilization as well as by increased tissue breakdown, and the excretion of 
increased amounts of corticoid-like substances suggested adrenal 
dysfunction. 

Experimental animal data (2, 3) also have shown an increase in both 
the number and quantity of amino acids excreted following lethal X irradi- 
ation; with chicks (2) this increase was apparent one hour following the 
initial dose. 

In a more recent accident at the Argonne National Laboratory, four 
laboratory workers were exposed to y rays and a small component of neu- 


! Received for publication November 8, 1954. 


? Presented before the 27th Annual Meeting of the Central Society for Clinical Research, Chicago, October 30, 
1954. 


3 Present address: Argonne Cancer Research Hospital, University of Chicago, Chicago 37, Ill. 

« The authors would like to acknowledge the technical assistance of Miss Betty M. Van Dolah. Mathematical 
analysis of the data was performed by Mr. Sylvanus A. Tyler, Division of Biological and Medical Research, 
Argonne National Laboratory. 
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tron radiation at levels of 25 to 180 roentgens equivalent physical (rep). 
This accident gave us the opportunity to repeat some of the studies, done 
originally at this Laboratory, on individuals with radiation exposures 
not usually believed to yield clinical manifestations. Only the amino acid 
study will be presented here. A full clinical and laboratory report in- 
cluding the hematologic data will appear elsewhere (4). 


Materials and Methods 


Chromatography.—Two-dimensional chromatograms were studied, em- 
ploying the original method of Dent (5), and using Whatman #1 chromato- 
graphic filter paper. The first solvent was phenol:water,® with 10 cc. of 
5 percent ammonium hydroxide added to two of four bowls (200 cc. 
capacity) in the bottom of the case. The second solvent was collidine:- 
lutidine:water ® (1:1:1.5). Solvents were changed daily and the phenol 
solution was freshly prepared each day. All troughs, rods, etc., were also 
washed daily. 

Commercial ‘‘Chromatocabs” with temperature and humidity control 
were used; the laboratory temperature was controlled to +2° C. Cases 
were saturated with the solvent vapors for 4 to 6 hours before use. Sheets 
were air-dried for 24 hours in the hood at room temperature before being 
placed in the second solvent, and were dried in the same manner before 
being sprayed with ninhydrin. Color development was carried out using 
0.25 percent ninhydrin in butyl alcohol with 1.0 percent acetic acid; 
sheets were sprayed and then allowed to dry for 24 hours in a stream of 
warm air at 30° C. 

Reading of the sheets for identification and quantitation of amino acids 
was done by visual comparison of the unknown amino acids with the 
amino-acid standards, using a commercial 14’’ X 17’’ X-ray viewing box. 
All sheets were read exactly 24 hours after being sprayed with ninhydrin 
solution. Standard color tests (5, 6) for the identification of questionable 
substances were employed. No separation was made between leucine and 
isoleucine; these two are considered together under the name “leucine.”’ 
Amounts of amino acids measured are reported as total amino-acid mass. 

Handling of urine samples:—Twenty-four-hour urine samples refriger- 
ated during the collection period were collected from all patients and from 
the individuals serving as controls. Samples were collected from the four 
patients for the 16th-day hospital period, and subsequent samples at 4 
or 5 months were obtained on three of the patients. 

Controls for this specific study included two individuals followed for 7 
and 8 days, respectively, and three individuals followed for 2 days each. 
Other control data have been obtained by the same method during the 
past 7 years through studies of amino-acid excretion using first-morning 


5 Mallinckrodt phenol, A. R., colorless, was used; 160 cc. boiling distilled water per pound of phenol was added 
to pure white phenol crystals. 

* Colorless collidine and lutidine were obtained from Reilly Tar and Chemical Co. (Indianapolis, Ind.) and 
Eastman Kodak Co., respectively. The solvent-water mixture was well shaken for the first 2 days after prepara- 
tion and then was allowed to remain undisturbed in the dark for 7 to 10 days. Before use, the excess water was 
separated from the mixture. 
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urine samples and 8-hour collections from approximately 350 apparently 
normal laboratory workers not exposed to more than the usual permissible 
levels of external radiation (7, 8). 

All analyses were done immediately; specific gravity and pH were 
determined routinely. 

In order to estimate amino-acid excretion so that proper aliquots and 
standards could be employed, one-dimensional chromatograms were first 
run on each sample. Each sample was then run in triplicate, using aliquots 
of 25 and 50 ul., and in addition, 50 ul. of a sample concentrated 2:1 by 
evaporation at 100° C. In the case of both one- and two-dimensional 
chromatograms, the amino-acid standard solutions were run on the same 
sheet as the urine sample. All data are reported on the basis of the 25 ul. 
aliquot. The larger aliquot and the concentrated sample were employed 
in order to check results and to detect any abnormal amino acids that may 
have been present. When the identity of an unknown amino acid found 
in @ urine sample was in question, the following two-dimensional sheets 
were run: 1) a sheet with a mixture of the tentatively identified amino 
acid added to the urine in question along with a sample of the urine alone; 
2) the appropriate amino-acid standard alone along with the urine sample 
under investigation. 

In order to obtain additional data on the handling of urine samples for 
large-scale amino-acid determinations, the following was done with the 
samples from the four patients: part of each 24-hour sample was immedi- 
ately frozen; part was stored at 4° C. No preservative was added to 
either. The samples that were concentrated 2:1 were well stoppered and 
stored at 4° C. All samples stored at 4° C. were analyzed, by two- 
dimensional chromatograms, 2 weeks, 6 months, and 1 year after collec- 
tion. All results (57 samples) were in agreement with the results obtained 
from the urine samples analyzed immediately after collection. The 
frozen samples, thawed at room temperature, were studied 6 months and 
1 year after collection. The results after 6 months checked the original 
results. In two cases samples stored for 1 year did not yield the same 
results as the original samples. It would seem that bacterial and mold 
action do not affect the free urinary amino acids as readily as has been 
assumed, and that urine samples can be stored either frozen or at 4° C. 
without preservative for a much longer period than formerly supposed. 


Clinical Data 


Four individuals were accidentally exposed to y rays and neutron 
radiation, and were seen within 10 minutes by members of the medical 
staff. At this time there were no gross clinical findings of note. Blood 
pressures and cardiac rates were within the normal range. Subjectively, 
the patients were asymptomatic except for moderate tension and appre- 
hension. Despite the fact that all realized that they might have been 
exposed to quantities of radiation in the lethal range, an observation 
worthy of note was their quiet, self-contained behavior. The patients 
were hospitalized at Billings Hospital, University of Chicago Clinics. 
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Since at this time the magnitude of the radiation exposure was not known, 
all were placed at absolute bed rest. All urine and fecal samples were 
saved for various subsequent analyses. Complete hematologic studies, 
including studies of induced Na” activity in the blood, were begun within 
30 minutes after exposure. 


Patient #1.—White male, age 31 years. Exposure 180 rep. 

On admission to the hospital the patient’s temperature was 37.4° C., 
pulse 102, respirations 20, and blood pressure 140/80. 

The patient was a well developed, well nourished white male, alert and 
cooperative, appearing moderately apprehensive but in no other apparent 
distress. The physical findings were all within normal limits except for 
a mild erythema of the face and neck. The patient stated that he had 
been exposed to sunlight over the weekend and that the erythema had been 
present before the exposure to ionizing radiation. 

Several hours after admission, the patient had one episode of nausea 
accompanied by vomiting. Following emesis the nausea did not reap- 
pear and the patient ate a hearty breakfast the next morning. During 
the remainder of his 16-day hospitalization he was asymptomatic. The 
erythema of the face and neck subsided and at no time subsequently has 
there appeared erythema of the soles of the feet, the hands or the face 
(the portions of the patient’s body closest to the radiation source), nor 
has epilation occurred. The patient was discharged on the 16th day. 

Following discharge from the hospital, the patient rested at home for 
an additional week. He returned to his work on the 23rd day after the 
radiation accident and has continued to feel well. 


Patient #2.—White male, age 30 years. Exposure 160 rep. 

On admission to the hospital the patient’s temperature was 36.9° C., 
pulse 100, respirations 20, and blood pressure 122/70. 

The patient was a well developed, well nourished white male, alert and 
cooperative and in no apparent distress. The physical examination 
revealed only findings within normal limits. 

During hospitalization the patient remained completely asymptomatic 
and afebrile. His appetite was good at all times; there was no nausea 
or vomiting. None of the usual symptoms of “radiation sickness’ were 
present in this patient. He was discharged from the hospital on the 16th 
day. 

This patient also returned to his duties on the 23rd day after irradiation 
and has remained asymptomatic. Shortly thereafter he transferred his 
activities to another project within the Atomic Energy Commission. 


Patient #3.—White female, age 49 years. Exposure 68 rep. 

On admission to the hospital the patient’s temperature was 36.0° C., 
pulse 82, respirations 20, and blood pressure 105/50. 

The patient was a well developed, well nourished white female, alert 
and cooperative and in no apparent distress. The physical examination 
revealed only findings within normal limits. 

On the 3rd hospital day the patient vomited on several occasions and 
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had four loose stools. These symptoms, however, rapidly disappeared 
on a bland, liquid diet and did not recur. It was the impression that this 
was a manifestation of anxiety and tension rather than a display of “radia- 
tion sickness.” With the exception of occasional headaches, the patient 
remained afebrile and asymptomatic throughout her hospital stay. She 
was discharged from the hospital on the 16th day. 

Following discharge from the hospital, the patient noted the persistence 
of a moderate degree of fatigue and tension. She returned to her duties 
34 days after the radiation exposure and has had no symptoms attributable 
to late radiation effects. 


Patient #4.—White male, age 29 years. Exposure: maximum of 25 rep— 
minimum of 8 rep. 

On admission to the hospital, the patient’s temperature was 36.8° C., 
pulse 80, respirations 20 and blood pressure 140/85. 

The patient was a well developed, overnourished white male, alert and 
cooperative and in no apparent distress. The physical examination 
revealed only findings within normal limits. 

The patient remained completely asymptomatic and afebrile. He had 
an excellent appetite and at no time noted any subjective deviation from 
his usual state of well being. He was discharged from the hospital on 
the 16th day. 

The patient has continued to be asymptomatic. He returned to work 
on the 23rd day after the accident. On the 15th day after exposure, 
ophthalmoscopic examination of the fundus revealed a very small, flame- 
shaped hemorrhage immediately inferior to the limbus of the optic disc in 
the right eye. Repeat examination a month later demonstrated normal 
appearing fundi with no evidence of the site of the previous hemorrhage. 
No generalized bleeding tendency was noted and no petechiae or suggilla- 
tions were observed. 

Results 


The values given by the five controls have been plotted in text-figure 1 
to show the relationship between the concentration of amino acids excreted 
and the volume of urine, as well as to show the average daily excretion of 
amino acids. The equation 
T (total excretion) 

V (total volume) 





C (concentration) = 


is the basis for this figure. (Or, C= T (7) If the concentration, ex- 


pressed asmg. perml., is plotted against the reciprocal of volume (>x 10") 


and a straight line passing through the point of origin results, then the 
slope of the resultant line is equal to the constant total amount excreted 
(mg./day).” It can be seen from the plotted data that the total amount 


7 The method of least squares is used as the fitting process with the added restriction that the line of best fit must 
pass through the origin of the coordinates. 
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excreted (mg./day) and the urine volume are independent of one another, 
indicating that in the normal control the total daily excretion is constant. 
Further analysis of the data with a plot of total daily excretion versus 
number of days of study indicates that the daily amino-acid excretion 
(mg./day) is independent of time (number of days) of measurement. 

The total amino acids excreted by control #1 were estimated to be a 
constant amount (582.0 + 73.0 mg./day).2 The quantity of amino acids 
excreted by controls #2-5 was similar; the material was excreted at a 
rate of 175.0 + 17.7 mg. per day. 


0.70 





| | | | | 1 | | 1 | | | | | | | 
0.65 & 
— oy, Control 1 
Control 2 
Control 3 = 
Control 4 


0.55 cy 
0.50 |- * 


0.45 + 


o+0 x ®@ 


0.40 + © Control 5 


0.35 — 


mg/m 


0.30 
oes * ; ov 
0.20 + o % 
0.15 x 
0.10 - x 
0.05 ~ 
1 l | 1 1 | t | 1 
° ' 2 3 3 5 6 7 8 ¢$- wu 12 13 14 15 «416 «17 
URINE VOLUME * 10° 


TEXT-FIGURE 1.—Relationship between concentration and volume: control 
individuals. 











In past work (7) with the 350 individuals previously mentioned, it has 
been found that most individuals excrete amino acids in a manner similar 
to controls #2-5. However, about 10 percent of apparently normal 
individuals will excrete approximately 300 to 600 mg. per day as measured 
by this method. The quantity of amino acids excreted per day by control 
#1 was decidedly higher than that of the other controls shown in text- 
figure 1. The values found for control #1 fall in line with the higher levels. 

In the five specific controls, glycine, serine, alanine, and taurine were 
the major amino-acid components excreted. With the exception of con- 
trol #2, glycine was excreted to the greatest extent. The number of 
amino acids excreted by controls #1 and #2 is shown in table 1. As in 
the total amounts excreted per day, the patterns of individual amino- 
acid excretion presented by control #1 and controls #2-5 fall in line with 
the general pattern previously found. 


* Variability throughout is measured in terms of the standard error. 
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TABLE 1.—Total number of individual amino acids excreted per day 
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*4-hour sample. t12-hour sample. 


Text-figure 2 has been plotted in the same manner as text-figure 1 to 
show the same excretion relationships for three of the four patients.® The 
urine samples on the day of irradiation represented a 12-hour collection 
period and these data are omitted. In the statistical analysis these data 
were given a weight of one half. Unlike the controls, there is large vari- 
ance in the concentration of amino acids. Despite this variance in excre- 
tion for the patients, a line can be developed for patients #1 and #4 
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TExtT-FIGURE 2.— Relationship between concentration and volume: patients 


#1, 2, and 4. 


* Patient #3 could not be included because of incomplete collection of her urine samples on four days. 
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TEXT-FIGURE 3.— Amino-acid excretion, total mg. per day. 


similar to that found with the controls, which indicates that total amino- 
acid excretion was essentially independent of the volume of urine. If 
the high point of excretion (day 6) is omitted, a similar line can also be 
drawn for patient #2. The mathematical treatment of the data for patient 
#2 gives a line of slope close to zero, as shown in text-figure 2, which would 
indicate that total amino-acid excretion was apparently dependent on 
urine volume. The conclusion that this patient behaves in a manner 
qualitatively different from the others, with the broad implication that 
there are two entirely different modes of disposal of amino acids, is tenuous. 

The total amino-acid excretion by patient #1 was determined mathe- 
matically from the slope of the line to be a constant amount (2,507.0 + 
317.7 mg./day). For patient #4 the excretion was 2,088.0 + 261.1 mg. 
per day. The constant concentration of patient #2 is 0.789 mg. per ml.; 
daily excretion is 1,359.2 + 716.3 mg. per day. 

Total amino-acid excretion in mg. per day is illustrated for patients #1, 
#2, and #4 in text-figure 3. Although high, the value of 750 mg. per day 
has been chosen for our maximum normal excretion level. This is an 
arbitrary value derived from large numbers of control samples. During 
the first 12-hour period, patient #1 excreted 1,556.1 mg. of amino acids. 
His highest total excretion was 5,500.0 mg. during the 6th day following 
irradiation. Excretion greater than the maximum normal was present 
on analysis of the urine as late as 5 months following the irradiation 
exposure. Patient #2 rises above the maximum normal excretion on the 
3rd day after irradiation. Patient #4 excreted 637.6 mg. during the first 
12-hour period and on the second full day following irradiation excreted 
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2,970.0 mg. Patients #2 and #4 reached maxima, also, on the 6th day 
(4,422.0 mg. and 4,830.0 mg., respectively). Excretion greater than the 
maximum normal level was found 4 months following exposure. 

All three of these patients exhibit a peak of excretion on the 6th day 
following irradiation. The mean of the total excretion (mg./day) was 
calculated along with the standard deviations of days 1 to 14, excluding 
day 6. Inall three cases, it was found that day 6 is significantly different 
from this mean (with a probability of <0.05). 

Because of unavoidable circumstances the collections of urine for patient 
#3 were incomplete on 4 days and total excretion per day could not be 
calculated. Therefore, excretion was expressed as concentration in mg. 
per ml. in the samples obtained (text-fig. 4). We have assumed a high 
value of 0.5 mg. per ml. as an upper limit of normal. This is also an 
arbitrary value derived from large numbers of control samples. Excretion 
on the 6th day after irradiation was 4.15 mg. per ml. Because of the in- 
complete collection on the 8th day, we are inclined to believe that the value 
of 4.67 mg. per ml. in a total 100 cc. might have been somewhat lower with 
a more representative sample. However, assuming that this single small 
sample represents a peak concentration and taking into account the data 
of the other patients and normal individuals, this concentration value still 
represents a very high excretion. 

In addition to the increased quantity of amino acids there can be seen 
an increase in the number of individual amino acids excreted (table 1). 
Control individuals usually excrete measurable amounts of five or six 
amino acids.” Glycine, taurine, serine and alanine are most often found; 
the other amino acids are usually either valine, leucine, glutamine, or 
histidine. All of the patients showed a decided increase in the number 
found, excreting as many as 14 and 15 amino acids per day. ‘This increase 
was apparent 12 hours following irradiation, and was also demonstrated 
as late as 5 months after the exposure. 
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TEXT-FIGURE 4.—Amino-acid excretion, mg. per ml. 
” It is appropriate to emphasize that with the paper chromatographic method as here employed, using a 25 ul. 
aliquot, the excretion pattern is as outlined. Other amino acids are normally present in urine and may be demon- 


strated either by modifications of this technique or by use of other chromatographic and microbiological methods. 
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TABLE 2.—Amino-acid excretion, 
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Table 2 shows the daily amino-acid excretion of the five control individ- 
uals used for this study. With the exception of the amount of glutamic 
acid found in the samples of control #2, each individual presents an ex- 
cretion pattern similar to that found previously in this laboratory and 
elsewhere (5, 7-12). 

Tables 3 to 6 chart the exact amino-acid excretion for all samples from 
the four patients. The greatest increase in excretion occurred with 
glycine. Other unusual increases are found with cystine, taurine, glu- 
tamic acid, aspartic acid, and hydroxyproline. The large and consistent 
excretion of hydroxyproline in the period under observation is particu- 
larly striking. Cysteic acid is usually considered an oxidation product 
of cystine, found in samples that have been stored for several days. Since 
there was no storage in these cases, cysteic acid can be considered a valid 
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control individuals, mg./ml. 
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constituent. Small amounts of cysteic acid were also found in the urine 
of control #1. 

Using control #1 as an example of maximum control excretion and the 
other four controls as examples of average control excretion, the extreme 
aminoaciduria of these patients is evident. Measured with this method, 
controls almost always show a maximum excretion of glycine, with lesser 
amounts (<0.05 mg./ml.) of other amino acids. Cystine, cysteic acid, 
and aspartic acid are rarely found in the urine of control individuals; 
glutamic acid appears fairly ofteninsmall amounts." Although hydroxy- 


4! This has been reported as a normal constituent by some authors; others claim that it does not appear in appreci- 
able amounts in freshly voided urine (12). Although these samples were run immediately after collection and 
were refrigerated for the collection period, they cannot be considered as freshly voided urine samples. Other 
samples run in this laboratory have always been refrigerated for about 4 hours before analysis. 
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proline has been found in samples from apparently normal individuals (5), 
it has never been found in any control sample run by this method in this 
laboratory. It has previously been found in other severely irradiated 
patients (8). 

Amino-acid excretion in the four patients, as in the controls, was calcu- 
lated on the basis of the percentage of the total excretion. No pattern of 
any significance could be discerned either in the individual patients or in 
the group as a whole. 

The specific gravity and pH of all samples were routinely determined. 
No samples gave abnormal or unusual results. 

The volume of the urine excreted varied between 750 and 3,300 ml. per 
day, and seemed to be the normal urinary variation. 


Discussion 


Investigation of the amino acids of normal urine by microbiological, 
chemical, and paper chromatographic means has been extensive. Differ- 
ences in technique and in the sensitivity of methods have caused great 
variance in results, so that it is often difficult to compare data obtained 
by dissimilar methods. A recent paper (12) presents quantitative values 
for amino acids in the urine of young adult males (data obtained by a 
chromatographic technique employing columns of Dowex 50 ion-exchange 
resin) and presents a good discussion of values obtained by several methods. 
A comparison of findings in normal urines analyzed by various techniques 
(9-20) with results obtained by us and others using the paper-chromato- 
graphic method show that there is general agreement between the three 
methods (microbiological, chemical, and paper chromatographic). Re- 
sults obtained by the microbiological method, however, tend to be some- 
what higher than those obtained by other methods. As pointed out by 
Stein (12), comparison with the microbiological method is difficult because 
amino acids exist in urine in combined forms which have an unknown 
microbiological availability. 

In general, the results obtained in this laboratory by the paper-chromato- 
graphic method agree well with those obtained by Stein using the quanti- 
tative ion-exchange method. Discrepancy in total amounts can be 
ascribed to differences in sensitivity of methods and to the fact that Stein 
has identified, as far as possible, all of the ninhydrin-reacting constituents 
of normal urine. Most workers using paper chromatography cite a far 
smaller amount of histidine than is found by workers using other methods. 
This difference is undoubtedly caused by difficulty in estimating histidine 
on paper chromatograms because of its extremely weak ninhydrin reaction. 
This does not obtain to an appreciable extent with other amino acids. 

As has been mentioned, using this paper-chromatographic method, the 
urines of control individuals show five or six amino acids: glycine, taurine, 
serine, alanine, and one or more from among valine, leucine, glutamine, 
and histidine. Other amino acids such as a-amino-n-butyric acid, tyro- 
sine, threonine, methylhistidine, lysine, and arginine are occasionally 
found. No urine from normal individuals has ever shown methionine or 
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phenylalanine. Cystine, cysteic acid, and aspartic acid are rarely found; 
glutamic acid appears fairly often in small amounts. Stein (12) states 
that the glutamic-acid content of normal urine increases on standing, even 
at4°C. All individual samples run in this laboratory have been analyzed 
between 2 and 4 hours after collection, or after the close of a 24-hour col- 
lection. Such samples cannot be considered as freshly voided. In the 
samples that had been stored at 4° C., however, there was no change in 
glutamic-acid content. 

The criterion for the selection of average control values has been dis- 
cussed, and maximum levels of excretion in the normal control in mg. per 
ml. and mg. per day were selected. The greatly elevated excretion of 
urinary amino acids by all four patients is evident and clear-cut. This 
increase Over average normal is similar to that found with lethal and near- 
lethal levels of irradiation (8). It is an increase greater than that reported 
in the literature for a variety of disease states in which marked amino- 
aciduria is a feature (5, 9-11, 14, 17, 21-33), or in which marked amino- 
aciduria was produced as a result of ACTH or cortisone therapy (20, 
34-36). Only in some cases of cystinuria (23), Fanconi syndrome (10), 
chronic cirrhosis with necrosis (17), acute yellow atrophy (10, 29), and 
severe chemical and thermal burns (25, 31) did levels approach those 
found in the irradiated patients. 


In the severely irradiated patients of the Los Alamos series the peak 
of clinical symptoms occurred on the 6th day following the accident; on 
this day the greatest amino-acid excretion was observed. In the present 
series this phenomenon of peak aminoaciduria is also evident although 
the patients were asymptomatic. It would seem that the mechanism or 
one of the mechanisms operative in the production of aminoaciduria fol- 
lowing X irradiation reaches a peak on the 6th day after exposure without 
obvious relation to clinical condition. 


The less severely irradiated workers involved in the Los Alamos acci- 
dents with exposures somewhat comparable to those in the present 
accident’? showed some discrepancy in the blood picture but did not ex- 
hibit the marked aminoaciduria characteristic of this group of four 
patients. In the former accident there was abnormal excretion evident 
in a urine sample from one patient collected 6 hours after the accident 
and, in addition, another patient showed abnormal excretion the day 
following the accident. These results at the lowest level are at variance 
with our findings. The reason is not apparent at present. 

The response is not proportional to dosage. Although patient #1 ex- 
creted a greater total amount of amino acids and a somewhat larger num- 
ber of individual amino acids than the other three patients, the difference 
did not correspond to the difference in dosage. Patient #4 with an expo- 
sure in the range of 8 to 25 rep exhibited results similar to those shown 
by patient #1, and all four patients in turn gave results similar to those 
exhibited by the surviving Los Alamos worker hospitalized with acute 


3 Exact dose computation was not possible (1). 
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radiation sickness. Total amino-acid excretion in the two fatal cases 
was, on the other hand, considerably higher than that reported here. 

The response at 12 hours is also worthy of note, indicating, certainly, 
some change starting at an even earlier time. In the case of the Los 
Alamos patient with near-lethal exposure, marked increase was found in 
a urine sample obtained 6 hours after exposure. 

Hematologic studies of the present accident cases show that, although 
the rate and magnitude of the drop in absolute lymphocyte and total 
white count are roughly proportional to the radiation exposure level (4), 
aminoaciduria seems to be a significantly more sensitive and striking 
early indicator of radiation exposure. 

Bone-marrow studies on all four individuals done on the 10th day 
following exposure demonstrated no abnormalities. The depth of total 
white-cell depression was not reached until approximately 1 month after 
irradiation, though in the lymphocyte count the trend toward decrease 
was apparent on the first day in the patient with the highest exposure. 
Total cell-count changes in the patients with the two lowest exposure 
levels were not a sensitive indicator of the exposure. Cytologic changes 
similar to those observed and described previously (1) were present in the 
lymphocytes, and to a lesser extent in the neutrophils. These changes 
were also evident in the white cells of the peripheral blood of patient #4 
who had the lowest level of radiation. 

Further evidence that the aminoaciduria is not a quantitative response 
comes from a comparison with the disease states previously mentioned, 
in which the aminoaciduria of Wilson’s disease (14, 27, 28), diabetic 
ketosis (24), progressive muscular dystrophy (26), acute cirrhosis (17), 
subacute cirrhosis with necrosis (17), and lead poisoning (32), for example, 
does not reach the levels found in the irradiated patients. 

The apparently nonspecific excretion of amino acids also seems indica- 
tive of a nonquantitive response. Glycine, hydroxyproline, cystine, 
taurine, and glutamic acid increased to the greatest extent over amounts 
normally excreted. In one of the lethal cases there was a massive ex- 
cretion of taurine (up to 3.0 mg./ml.), but excretion of hydroxyproline 
similar to that found here. Large excretion of taurine in cases of severe 
thermal burns (37) is in line with a knowledge of generalized tissue break- 
down. The two lethal cases demonstrated marked tissue breakdown 
from radiation burns and gangrene, a condition not found in our patients. 

It seems that there is a general increase in the number and quantity 
of individual amino acids in the urine, but that this response is not 
quantitatively related to radiation dosage. Apparently in the four 
patients studied by us extremely radiosensitive metabolic factors are 
operative, since the response is present during the first 12 hours and at 
low radiation levels. The observation that the aminoaciduria reached 
a peak at 6 days in all patients suggests that consistent and similar 
metabolic changes are operative in all. 

Studies of the acute radiation syndrome have shown a widespread tissue 
destruction throughout the body. Secondary reactions following radia- 
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tion exposure, such as infection, fluid loss, and presumably the adrenal 
response, are the same as those found in syndromes in which delayed 
tissue death is a prominent feature, as in thermal burns, intestinal ob- 
struction, and massive gangrene (J). According to this thesis, it was 
thought that the increased protein degradation in dead and dying cells 
was a major cause of the aminoaciduria observed in the heavily irradiated 
workers (8). This was consistent with the correspondence of amino-acid 
excretion to the clinical course. In view of the magnitude of the amino- 
aciduria and the early response at such low dose levels, it is difficult for 
us to believe that increased protein breakdown is the major factor in 
producing the aminoaciduria found in our patients, although this may be 
an important factor in heavily irradiated individuals. 

Aminoaciduria occurring after irradiation may be related to the follow- 
ing: 1) decreased oxidation and utilization of amino acids by the liver 
and other tissues; 2) partial inhibition of amino-acid metabolism in the 
kidney and partial inhibition of enzyme systems concerned with renal 
tubular resorption of amino acids; 3) adrenal response to a stress situation. 

Liver disease or damage as usually described does not give rise to amino- 
aciduria of the extent found here (11, 13,21). Such diseases have recently 
been studied and classified according to amino-acid excretion (11). In 
mild liver disease only cystinuria is found. As the degree of liver disease 
increases, there is an increase in the number of amino acids excreted with- 
out a marked increase in the quantity of each excreted, and this progresses 
to the condition in which massive aminoaciduria is manifest, as in acute 
yellow atrophy or serious jaundice. The pattern given by our four pa- 
tients fits the pattern given by patients severely ill with certain types of 
liver disease. Since there is no massive impairment of other liver functions 
or extensive tissue destruction, it would seem that decreased oxidation 
and utilization of the amino acids by the liver and other tissues may be 
an explanation for the aminoaciduria. Such an explanation seems to fit 
the response given by postoperative patients with no kidney damage (21, 
$1), for in such cases there is urinary amino-acid excretion similar to that 
given by patients with diagnosed liver damage. Using liver biopsy (2/), 
cytologic evidence of damage to the hepatic cells may be seen a few hours 
after surgery without other evidence of functional change, and may be 
related in general to a “stress reaction.”’ 

On the other hand, there is no defect in the ability of the liver of the 
irradiated animal to deaminate amino acids or to incorporate them into 
protein (8, 37). 

In an extensive study of aminoaciduria in various types of liver disease 
and dysfunction, Dent (2/) assumes that a rise in urinary output of amino 
acids reflects a raised plasma level, with the kidney playing no primary 
part in the production of the aminoaciduria. Since plasma amino-acid 
levels were not measured on our patients, it is not possible to evaluate 
this aspect. 

Specific necrosis of the renal tubules is not the cause of the aminoacid- 
uria, as is the case with the aminoaciduria of heavy metal poisoning. 


Vol. 15, No. 4, February 1955 











1104 KATZ AND HASTERLIK 


Other studies of aminoaciduria in liver disease showed altered urinary 
amino-acid levels in patients in whom the factor of renal damage had 
been excluded by the usual clinical and laboratory tests of renal function 
(17, 31). 

It has been postulated that competitive tubular resorption may be a 
factor in the specific aminoaciduria that occurs when the renal system is 
overloaded with one or more amino acids (13, 38). This has been pro- 
posed, for example, as one possible cause for the excessive excretion of 
seven amino acids in pregnancy (13, 18). In the aminoaciduria of muscu- 
lar dystrophy competition for resorption may be offered by creatinine (13). 
Other data (39) show great variation in relative renal clearance of various 
amino acids, suggesting that the renal tubules may possess marked selec- 
tivity in their normal resorptive function. 

Some interference in the amino-acid-oxidative mechanism in the kidney 
and other tissues seems a more logical assumption in explaining the gross 
aminoaciduria of the patients receiving low levels of radiation. A partial 
inhibition of amino-acid oxidation in the kidney of animals injured by 
ionizing radiation at 100 r has been shown (40). Studies of cystinuria 
have led to the postulation of an enzymatic defect in the kidney, a defect 
which affects the resorption of certain amino acids (arginine, lysine, the 
sulfur amino acids, and taurine) (1/1, 23), for feeding studies show that 
there is no defect in the metabolism of these amino acids (11). An en- 
zymatic defect causing defective resorption has also been postulated as a 
factor in the gross aminoaciduria of Fanconi syndrome (10). It is in- 
teresting to note that in Wilson’s disease (hepatolenticular degeneration) 
gross aminoaciduria may occur with only minimal, if any, evidence of 
liver dysfunction (14) and with no clinical or laboratory evidence of renal 
disease (27). In Wilson’s disease there is abnormal excretion of all the 
common amino acids along with cystine, lysine, and arginine. The last 
three amino acids are major excretion components of cystinuria. 


The administration of ACTH and cortisone has been followed by ex- 
tensive aminoaciduria (20, 34-36). This has been explained partly as 
a consequence of damage to the renal tubules (42). Other explanations 
postulate an inhibition of protein synthesis (43, 44) and accelerated 
mobilization of protein (45). 

In the Los Alamos accident an interesting finding was increased adreno- 
corticoid excretion, similar to that found with an acute thermal burn (1). 
Some animals have shown a similar response (41). The adrenal response 
has been given as a partial explanation of the aminoaciduria found ina group 
of patients with severe burns (31). In the latter group the aminoaciduria 
was proportional to the severity of the trauma. The aminoaciduria in 
diabetic ketosis has likewise been postulated as having been caused by 
increased secretion of adrenocorticotropic hormone (24). A comparison 
of the free amino acids of the tissues of normal and cortisone-injected 
chick embryos showed that the content of free hydroxyproline increased 
markedly in the tissues of cortisone-treated embryos (46). In some in- 
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stances there was an increase in glycine; there was no consistent change or 
increase in other free amino acids. 

None of our patients showed gross evidence of tissue destruction from 
burns or gangrene. It is evident cytologically that changes had occurred 
in the internal metabolism of the lymphocyte and other white blood cells 
or their precursors. It is conceivable that even at the lower dose levels 
changes occurred in several physiologic mechanisms concerned with the 
total metabolism of amino acids. These include the deamination, trans- 
amination, and oxidation systems, and the mechanisms concerned with 
the resorption of amino acids by the renal tubules. It is not believed that 
gross protein breakdown associated with tissue necrosis was a significant 
factor. 

Summary 


1) Following the accidental exposure of four laboratory workers to 
total-body irradiation with y rays and neutrons at levels between 25 and 
180 rep (roentgens equivalent physical), total daily urinary amino-acid 
excretion increased to as high as ten times normal values. The quan- 
tities of individual amino acids excreted varied from two to twenty times 
normal amounts. The most marked excretion occurred with hydroxy- 
proline and glycine. 

2) Abnormal excretion in both number and quantity of amino acids 
occurred as early as 12 hours following the initial exposure, indicating 
that the physiologic changes had become operative before this time. 
Abnormal amino-acid levels were evident 5 months following exposure. 

3) Aminoaciduria is a sensitive and early indicator of low levels of 
radiation exposure. 

4) There was no direct quantitative relationship between the radiation 
level and the degree of aminoaciduria. 

5) It is believed that the aminoaciduria occurring after irradiation 
might result from the following: 1) decreased oxidation and utilization of 
amino acids by the liver and other tissues; 2) adrenal response to a stress 
situation; 3) changes in the threshold of renal tubular resorption of amino 
acids; 4) increased protein (tissue) breakdown. In view of the response 
to an exposure of 25 rep, it is postulated that increased protein breakdown 
is not a major factor in producing the aminoaciduria found in these 
patients. 
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Protection of Mice Against 
X Irradiation by Plasma Proteins’ 


Aanes N. Stroup, Austin M. Bruss, and Mi- 
DRED M. Summers, Division of Biological and 
Medical Research, Argonne National Laboratory, 
Lemont, Ill. 


In‘view of the role played by the spleen in hematologic recovery from 
irradiation injury, as demonstrated by Jacobson and his associates (1-3), 
and the suggestion that the active agent may be of humoral nature, it was 
thought that prolonged recirculation of blood through an isolated spleen 
might yield material of therapeutic value. In the course of pursuing this 
investigation it was found that, while no material in the perfusates of dog 
spleen was protective to the mouse if injected after irradiation, plasma of 
the dog and other species, without perfusion, reduced radiation mortality 
to a considerable extent if given to mice intravenously a few minutes 
before irradiation (4-6). Results of experiments in which plasma or 
serum were dialyzed or fractionated by ammonium sulfate precipitation 
indicated that the active material resided in the plasma proteins (7-11). 

The optimal time of injection of this material is between 3 and 10 
minutes before the beginning of irradiation. The effectiveness is reduced 
if the interval is 15 minutes, and also if the injection is given immediately 
before the irradiation period, which lasts between 3 and 4 minutes. No 
effect is measurable if the injection is given one hour or more before 
irradiation. The preirradiation injections were given slowly by the tail 
vein, although it was found that the speed of the injection had no influence 
on the degree of protection; intraperitoneal injections were ineffective. 


Materials and Methods 


In the routine assay of the materials discussed here, mice were injected 
intravenously, by tail vein, either 5 minutes before, or within a few minutes 
after, total-body irradiation. Carworth Farms’ CF-1 female mice 
weighing between 18 and 25 grams, 8 to 11 weeks old, were given a standard 
X-ray dose of 800 r to the whole body, which approximates the LD, at 17 
days, with the median mortality occurring on the 11th day. The con- 
ditions of irradiation were: 250 KVP, 15 Ma., using a 0.5 mm. copper plus 
a 3.0 mm. Bakelite filter, with the HVL equal to 1.8 mm. of copper. The 


1 Received for publication November 8, 1954. 
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target distance was such as to deliver 220 r per minute; during irradiation, 
unanesthetized mice were confined, two at a time, in perforated celluloid 
tubes. In general, several experimental materials were tested, together 
with X-ray controls, at each time of irradiation. The mice were main- 
tained for the duration of life after treatment. 

In order to determine an “apparent dose’’ for purposes of tabulation, 
groups of mice were given various smaller amounts of X-ray treatment 
under the same conditions. Comparison was then made of the survival 
curves of mice protected against 800 r with those of mice irradiated at 
lower doses. This comparison was made by inspection of the curves 
(exemplified in the text-figures) and it can be seen that within the range 
where most of the values fall, an apparent dose can be ascertained within 
about 50 r. From this a ‘‘dose reduction” can be calculated in percent of 
the 800 radministered. It is understood that this value for dose reduction 
applies only to the course of survival within the range of radiation doses 
administered, and, except where collateral data are presented, does not 
imply that the course of pathologic events in the treated animal is identical 
with that in one irradiated by a lower dose without protective treatment. 

In the perfusion experiments, dog spleens were perfused for 5 hours at 
37° C. under aseptic conditions in a modification of the Carrel-Lindbergh 
(12), Werthessen (13), and Hechter (14) organ-culture apparatus in which 
the perfusing media were passed through the organ, usually at a rate of 
about 50 ml. per minute, under physiological conditions of blood pressure 
and pulsatile flow (fig. 1). The perfusing fluids were either heparinized 
blood of the same dog diluted with equal parts of White’s nutritive saline 
medium (15) or White’s medium alone. The perfusates were centrifuged 
and the supernatant plasma or medium was then injected into the mice 
before or after irradiation. In three experiments, the perfused spleen was 
that of a dog which, one hour previously, had been irradiated (400 r, total 
body) while the spleen was protected by a lead shield 

In preliminary separations, dog plasma was dialyzed against distilled 
water and then physiological saline through a standard cellophane sac; 
the precipitates of plasma in half-saturated and saturated ammonium 
sulfate were similarly dialyzed. Further fractionation of plasma proteins 
was carried out in this laboratory by Miss Louise Seki, using alcohol 
precipitation at low temperature. When it was clear that such fraction- 
ation afforded promise of concentrating the material, and that human 
plasma as well as that of many other species was active, purified human 
plasma protein fractions prepared by Cohn’s method (16) were obtained 
from several Public Health and commercial laboratories.? 

The plasma protein fractions were reconstituted in sterile 0.85 percent 
NaCl and the pH adjusted to 7.4 + 0.4 for intravenous injection. Mouse 
serum, obtained from Carworth Farms in lyophilized form, was recon- 
stituted with sterile distilled water. 

2 We are indebted to the Michigan Department of Health, the Massachusetts Department of Health, the 
American Red Cross, The Laboratory of Physical Chemistry of Harvard University, Difeo Laboratories, Detroit, 


Mich., The Squibb Company, New Brunswick, N.J., Cutter Laboratories, Berkeley, Calif., and Armour Labore- 
tories, Fort Worth, Texas, for generous supplies of the materials tested, 
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Results 


The original perfusion experiments demonstrated that recirculation of 
autologous blood through the dog spleen (50 to 60 recirculation cycles) 
yields no protective factor that was not already present in the plasma 
before perfusion or incubation, and that White’s medium perfused through 
a spleen in the same manner is ineffective. In three separate experi- 
ments, in which the spleen had been protected by a lead shield during the 
irradiation of the donor dog, its perfusion by White’s medium resulted in 
a perfusate which was protective to the same degree as dog plasma. 
Since this perfusate, like all of the plasmas, sera, and protein fractions 
tested, failed to influence the course of radiation mortality when admin- 
istered after irradiation, it was assumed to be unlikely that the specific 
agent promoting hematopoietic recovery, which is effective after irradia- 
tion, was involved. Subsequent experiments have been devoted to an 
attempt to isolate the active material in plasma or serum. In table 1 
it will be seen that pretreatment by the latter perfusate reduces mortality 
after 800 r to that which ordinarily follows 550 r; dog serum either un- 
treated or perfused through the spleen for 5 hours reduces the apparent 
dose to 575 r. 

Later experiments using homologous and other heterologous plasmas 
and sera were performed and the results appear in tables 1 and 2, where 
it is seen that the active factor is also present in rat, mouse, and horse 
serum. It was found in dog serum as well as in plasma, and in human 
and rat plasma (not tabulated). Commercially prepared pork and beef 
plasmas, however, were inert; and the ascitic fluid of mice bearing the 
Krebs’ ascites tumor, although electrophoretically similar to mouse plasma, 
was inert. 

As mentioned above, separated plasma proteins appeared to contain 
all the activity of plasma and yielded the same “dose reduction” as the 
original plasma. Fractionation by salting out with ammonium sulfate 
indicated that the activity was limited to the globulins; this fact was 
further borne out by the demonstrated ineffectiveness of human- and 
beef-plasma albumin in amounts equal to those in plasma. 


A summary of the effectiveness of each of the major plasma-protein 
fractions and subfractions tested appears in table 1, which shows the 
mean survival data and the apparent doses calculated from these. Most 
of the fractions showed some activity, but the most active ones are seen 
to be fractions II and III and subfractions IIIJ-2 and III-3, in which the 
apparent dose is reduced to 575 r. In text-figure 1 the survival curves 
are plotted from the combined data for fractions II and III and compared 
with the percent survival of mice receiving various doses of radiation. 
It was noted that different lots of the separated proteins varied in the 
distribution of the active material through the series of fractions. Table 
3 shows the results of separate experiments involving the two main 
effective fractions, and in table 4 there is a similar treatment of the other 
fractions and subfractions. 


Vol. 15, No. 4, February 1955 





1112 





STROUD, BRUES, AND SUMMERS 


TaBLE 1.—(A) Percent survival and apparent dose resulting from pretreatment of mice 
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given 800 r total-body X rays. (B) Survival after various X-ray doses without 
pretreatment 
: Appar- 
(A) Pretreatment before | No Percent survival, weeks band 
800 r mice 
1 | 2 | 4 | 8 | 16 | 24|32|36| @ 
| sr 
Serum or plasma: | | 
Oe eee 28 8 fe te ee ee ee oe 550 
| eee ei SE et SRL BP ie. scaless. re 575 
ree 52| 79 | 77| 46| 46 | 44 | 42 | 25). 575 
Dog (perfused through | 
dog spleen); lcc....| 40} 83] 83); 55 | 55) 55) 55 | 28)|....| 575 
pO eer 10 | 100 | 70 60 | 50) 50) 20} 10 ..| 575 
Bovine*; 20 mg...... 10 | 100 __ a RRS SSPE (Prete ery Pater Renee | 800 
Porcine*; . es 10 | 100  bvesies a Se ee Eee ee 800 
Krebs’ ascitic fluid; 
PO tevas sees enw 18 | 66 esd siete dos kt kaShw eerste 800 
Blood-plasma protein frac- 
tions (human): 
I; 8.3-20.0 mg........ 50 | 100 | 28; 10] 10 4}; 4] 41....1 7 
Il; 8.3-26.5 mg....... 66 | 97] 66) 53| 47 | 45) 41 |....]....| 575 
II-1, 2; 15.0-20.0 mg..| 18] 61| 50; 50] 44] 39) 39 | 39 | 39| 600 
III; 2.5-17.4 mg...... 69 | 99| 64] 53] 51) 44 | 40 | 34] 31 575 
III-1; 0.6-4.8 mg..... 18} 66| 33 | 33] 33] 26 | 26; 21) O} 650 
Euroa; SO Me... «+... / 10}; 100} 60; 50; 40); 40) 40; 20; 20| 575 
III-3; 10.0 mg........ 10 | 100 | 60; 40} 40} 40 | 40 | 20} 10); 575 
IV-1; 5.0-7.5 mg...... 19| 94] 42); 36) 26] 26 26; 26/13] 650 
IV-3, 4; 10.0 mg......} 10] 100; 10 od SEE SERS rare Taney ...| 800 
IV—4; 4.6-39.0 mg..... 80; 90 2 NEE ERIE SPR (eee 800 
Other materials: 
White’s medium; 1cc..| 20] 70 RRR! eee: eee 800 
White’s medium (per- 
fused through dog 
spleen); 1 cc........ 40; 60 8 8 i pane |-aeente) Sea 800 
White’s medium (per- 
fused through 
shielded spleen of 
X-rayed dog); lecc..| 80 89 76 74 59 46 | 46 | 46 ..| 550 
Total proteins from 
--pipeae plasma; 1 
PESO EY Cte 10} 80/] 80; 50; 50)].....]....] 10 575 
Dabebuns albumin*; 
* SEP a ef eee See Speer, nee, Awe 800 
Bovine gamma globu- | 
lin*; 1 cc.. .| 10 90 4 SA PE eee See ee 
Coenzyme At; 1.7 mg. 10; 80; 50; 40; 40; 40) 30; 30|....| 600 
Liver filtrate; 0.5 cc... 9; 100} 22; 22; 22) 22) 22 | 22; 11 700 
Lysozyme; 16.4 ae... we 80 | SRR ERE: SR ete, Sees. ...| 800 
Liver-coenzyme conc.; 
9.7 mg. (13 Lipmann 
Lt ae 10} 70} 50 | eee ree ae eee | 800 
(B) X ray 
pad ecariackieaes 20 | 100 | 100 | 100 | 100 | 100 | 95 | 55 400 
A cia Sagi natal 40} 95| 93| 83) 75| 75 | 75 | 55 500 
a eee - 40; 98] 60| 60| 45); 43) 23 20 600 
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TABLE 2.—Percent survival of mice injected intravenously with 1 cc. of homologous or 
heterologous serum or plasma before total-body exposure to 800 r X rays 
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TEXT-FIGURE 1.—Curves showing course of survival in irradiated CF-1 mice (thin 
lines) and in three groups of mice given 800 r after administration of agents as 
shown. Certain X-ray dosage groups have been combined, since the actual sur- 
vival curves of the 30 mice employed did not differ significantly between them. 


Examination of these tables shows that fractions II and III, as well as 
the subfractions tested, are generally effective, whereas fraction IV-1 is 
effective in only two of several separate experiments. Fraction I seems 
to have slight activity, but only at the higher dosages employed. From 
table 3, in recapitulating the results with fraction II, we have omitted 
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TABLE 3.—Percent survival o ye injected intravenously with various amounts of human- 
protein fractions II and III (Cohn)* before total-body exposure to 800 r X rays 





Percent survival, weeks 








Expt. | Plasma 





























: njsied No 
No. noe bed | | 

| raction mouse | | 1| 2) 3 | 4 | 8 | 16 | 24) 28 36 
1 **}) '(265| 9/100| 56| 56| 56| 22 | 22 | 22 | 22]... 
21 | 20.0; 9| 89| 56| 56/ 56| 45| 45 | 45 | 45 | 45 
33 | 200/10} 100} 70| 70) 60| 60| 60 | 60 | 50 | 50 
4% |HI........]1 200] 9) 89) 33) 22 22| 22| 22/11) 111]... 

58 |} 20.0} 9| 100) 89| 67| 67| 67| 67 | 67 | 67 |. 
6° | 20.0t} 10} 100} 90} 70} 70! 70! 60| 60) 60)... 
75 ‘83/10 |100| 70| 40 40} 40) 40| 20| 20) 0 

| } } } 

Mean Percent.....)....... | 97] 66) 54) 53) 47| 45 | 41 | 39 
8 |) 17.4| 8|100| 62| 62/| 62| 62| 50 50 | 38 | 38 
94 16.6 | 10 | 100| 60) 40| 40} 40/ 30/ 30| 30 | 30 
10 ° 16. 3 | 7 | 100 100 | 100 | 100 | 100 | 100 | 86 | 86 | 43 
11¢ | 11.5 | 9|100| 56| 44| 44) 44| 33 | 33 | 22| 0 
12 ¢ baerdae 82 | $ | 100 83| 67| 67| 67| 67 | 50| 33 | 33 
13 3 5.0 | 10/100} 40} 30/ 30) 30| 30| 30 | 20| 20 
14 4.0; 9| 89| 56| 33| 33) 22| 22| 22 | 22 | 22 
15 ¢ | . 25 / 9/100) 44| 44) 44| 44| 22] 22 | 22 | 22 
Re eee ee 99 64; 53); 53) 51 44 | 40 | 34 | 31 


| 





*Human-blood-protein fractions supplied through the courtesy of: 

1 Squibb Co. 

? Cutter Lab. 

3 Armour Lab. 

‘ Harvard Phys. Chem. Lab., Harvard Univ. 

5 Michigan Dept. of Health. 

* Mass. Dept. of Public Health, Div. of Biological Labs. 
tDialyzed. 


one experiment identical with the first one, in which there were no sur- 
vivors at the end of 2 weeks; and another identical with the fifth one, 
in which there were no survivors at 3 weeks. It is not known whether 
these aberrant results can be attributed to statistical fluctuation, 
biological or chemical variation. A few experiments to determine the 
loss of effectiveness as the dose is decreased are shown in table 5. This 
makes it clear that in the case of one preparation the effectiveness dimin- 
ishes between 5 and 1 mg., whereas a dose of 1 mg. of a different prepara- 
tion may exert an appreciable effect. The laborious task of working out 
a dose-dependence curve in further detail has not been attempted. 

To investigate inactivation of the factor, fractions II and III, in saline 
were tested after heating in a boiling-water bath for 10 minutes. It was 
found that the activity was entirely destroyed. Fraction II was dialyzed 
against 0.85 percent NaCl for 20 hours in the refrigerator. A flocculent 
precipitate was discarded and the supernatant was found to be as effective 
as the starting material (table 3, experiment 6). 

Since -SH groups play a part in radiation protection, and coenzyme A 
has an available -SH group, a crude extraction of coenzymes and other 
substances from five 10-month-old mouse livers was made by homogenizing 
at 0° with 1.5 volumes of 0.85 percent NaCl and refrigerating overnight. 
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TABLE 4.—Percent survival of mice injected intravenously with various amounts of human- 
plasma-protein fractions (Cohn) * before total body exposure to 800 r X rays 


















































Expt.| Plasma-protein — No. Percent survival, weeks 

No. fraction mouse Mice} 1 | 2 | 3 | 4 | 8 | 16 | 28 | 36 | 48 
| | ee ee ee week a 

1 5+) |( 20.0 | 10 | 100 | 40 | 20 | 10 | 10 | 10 | 10 | 10 | 10 
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311M... 15.6 | 10 | 100 | 38 | 11] 11] O|....|....]....]... 

43 | 10.0] 10] 100] O|....|....|....]. 

55 |) 8.3] 10] 100| 0 
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92 1 0.6] 8 | 100 | 63 | 25 | 25 | 25| 12] 12/12/| o 
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12! 20.0} 10] 100] O}....]....].... 

135 15.0 | 10] 100| O|....]....].... 

146 SHEE sf 3) SR Cae ey eee Re on Ome 

155 |}IV-1..........¢ 725] 9] 89] 56 | 34 | 23 | 23] 23/23/11] Oo 
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17! TU ER Se 3 eS Se See en Gest See Gee Feet 

18! . 25/10] 80] 0 
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*Human blood protein fractions supplied through the courtesy of: 


1 Squibb Co. 

2 Cutter Lab. 

3’ Armour Lab. 

4‘ Harvard Phys. Chem. Lab., Harvard Univ. 

5 Michigan Dept. of Health. 

5 Mass. Dept. of Public Health, Div. of Biological Labs. 


TaBLE 5.—Effectiveness and dose-dependence of plasma fraction III* in minimal doses: 
Survival of mice treated prior to 800 r X rays 














Expt. | Plasma-protein = No. Percent survival, weeks 
No. | fraction anne | mice 1 9 3 | 4 6 : 
| | 
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42 5. 0 20 95 25 15 | 15 10 0 

















*Human-blood-protein fractions supplied through the courtesy of: 


1 Squibb Co. 
2 Mass. Dept. of Public Health, Div. of Biological Labs. 
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The homogenate was centrifuged and 0.5 ml. of the filtrate was tested for 
activity. A liver coenzyme concentrate containing 13 Lipmann units 
of coenzyme A per mg., and a purified coenzyme A (Pabst), probably not 
more than 75 percent pure, were also tested. The results are shown in 
table 1. The crude-liver filtrate showed a slight degree of activity, whereas 
coenzyme A injected in an amount of 1.7 mg. reduced the apparent dose 
to 600 r, and the liver concentrate was found to be ineffective in the dose 
used. The activity of coenzyme A in the liver concentrate injected was 
estimated to be about one-tenth that of the 1.7 mg. of the purified coen- 
zyme. Bacq (17) found that 4 mg. of coenzyme A is toxic to C57 mice, 
but after this dose 3 of 8 mice survived a dose of 700 r X radiation; sur- 
vival after treatment with 3 mg. before irradiation was similar, while 
only one of 10 X-irradiated controls survived. Since lysozyme is rich in 
disulfide crosslinks and other components of possible importance, it was 
similarly tested (table 1) but found ineffective. 

In relation to the question of sulfhydryl protection (78), the sulfhydryl 
content of active samples of dog plasma was measured by Dr. H. M. Patt 
and found to be far below that required for a significant protection. 
Experiments were done to test additivity of cysteine and fraction III; 
results are shown in table 6 and text-figure 2. It is seen that fraction IIT 
markedly reinforces the action of a near-maximal dose of cysteine, and 
that additivity exists under all of the conditions employed. No evidence 


of toxicity was seen during or after injections of the two substances 
together. 





@@ 125% cysteine + 16.58mg I + 800r 
@@ O62% cysteine + 829mg. I + 800r 
ee (658mg 0 +800r 
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TEXT-FIGURE 2.—Actual survival curves of mice protected against 800 r X rays by 
combinations of cysteine and human-plasma-protein fraction III, compared with 
survival after X irradiation alone (see table 6). 
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TABLE 6.—Percent survival of mice injected intravenously with blood-protein-fraction 
III (Cohn) and cysteine before total-body exposure to 800 r X rays (1 ml. injected) 








lye Percent survival, weeks Appar- 
Nature of experiment | No. ent 
: 7 jmice dose 


1 2 3 4 | 8 | 16 | 24} 28) 32) (r) 








9.21 mg. III+800r....... | 10 |100 | 50 | 30 | 30 | 30 | 30] 10] 10] 10 625 
16.58 mg. III+800r...... | 10 1100 | 60 | 40;} 40 | 40 | 30 | 30] 30 | 30 575 
0.62% cysteine+ 8.29 mg. 

















eS 6 eee | 10 {100 | 90 | 90 | 90 | 90 | 80 | 80 | 70 | 70 475 
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To explore the question of whether injections of the factor might, 
through some physiological mechanism, induce anoxia, 10 mice injected 
with fraction III and 10 control mice were placed in a desiccator which was 
ventilated with nitrogen. All of the mice lost consciousness during the 
same period of time, and all subsequently recovered together when re- 
moved from the desiccator. 

All animals to which protective substances were given were kept under 
observation until death and the partially protected animals were compared 
with unprotected mice that had received smaller X-ray dosages. Ocular 
opacities were first seen by visual observation as early as 4 months after 
irradiation in mice pretreated by these materials and given 800 r. One 
or both eyes are completely opaque by the seventh month in these animals. 
On the other hand, mice given the “apparent dose” alone (500-600 r) 
showed macroscopically no visible opacities at the end of 7 months. In 
the case of the experiments shown in table 6, all of the 7-month survivors 
of fraction III plus 800 r show complete opacities, whereas those receiving 
pretreatment with cysteine in addition are not visibly affected. Thus, we 
have no evidence that the lens shares in the protective action of the plasma 
protein, although the additional protection afforded by cysteine does seem 
to include the lens. 

Partial loss of hair is apparent after several months in the protected 
mice, and their appearance is similar to that of mice receiving lower 
dosages of total-body X radiation or in senile untreated mice. Neoplasms 
have not been tabulated, but they do not appear to be more frequent 
in protected mice than in those given sublethal dosages of X radiation. 
Weight changes after irradiation in mice receiving 1 ml. of mouse serum 
plus 800 r are similar to those in mice receiving 550 r without the factor 
in addition. Control mice receiving 600 r lost weight more rapidly than 
the pretreated 800 r mice. 


Mice protected by serum show a decline in total white blood cells for 
the first 7 to 9 days similar to the decline seen in unprotected mice. This 
decline was followed by recovery in about 3 weeks. Direct comparison 
with mice receiving 550-600 r has not been made. 
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The spleen weight response has been followed in a series of mice pre- 
treated with mouse serum and then irradiated with 800 r. The weight 
decreases by 70 to 80 percent in 4 days, as in the 800 r control mice. In 
the pretreated mice, weight gain begins at 7 days and by the 17th day 
is greater than that of the spleen before treatment by a factor of two, as is 
the case with mice treated with 550 ralone. Gross and histologic examina- 
tion of the recovering spleens after 12 to 15 days shows a corrugated 
appearance due to active foci of regeneration with a high degree of mitotic 
activity. 

Those mice that succumb after partial protection have shown gross 
changes characteristic of acute radiation disease: edema of the soft 
tissues of the head and neck, petechiae in the lungs and intestinal tract, 
and weight loss up to 40 percent of the body weight. 

In almost all of the experiments, including representative experiments 
in which all the substances described here have been tested, an equal 
number of mice have been injected intravenously shortly after irradiation. 
In the case of dog plasma an additional injection has been given 24 hours 
after irradiation. In no case has there been any evidence of postirradia- 
tion therapeutic effect: all mice so treated died within 18 days. 

To examine the possibility that the response to the material given 
before irradiation might be peculiar to the mouse, 8 rats weighing 120 
to 130 grams have been given intravenous injections of 5 ml. of mouse 
serum before irradiation (800 r). Twenty-day survival was 62 percent, 
whereas mortality was 100 percent in 10 days in rats irradiated without 
pretreatment. 

Dog plasma and human-fraction II were administered prior to the 
irradiation of mice with 1,000 r. The time-survival curves were compared 
with those of mice given lower doses of X radiation, and showed “apparent 
doses” of 650 and 800 r, respectively. From this a “dose reduction” 
from 1,000 r of 35 percent and 20 percent is seen. Dose reductions 
from 800 r by the same two agents, calculated from table 1, are 31 percent 
and 28 percent. The protective effect has not yet been examined with 
respect to other X-ray doses. 


Discussion 


The data presented here show that CF-1 female mice treated just prior 
to irradiation with homologous and heterologous plasma and serum, 
spleen-perfused sera, and specific protein fractions from human serum, 
are partially protected against a whole-body radiation dose of 800 r, 
responding with a survival pattern like that of animals given about 
550 r. The same materials given just after irradiation have no effect. 

Separation of the plasma proteins shows that the active factor is 
confined to the globulins. The factor is not cleanly separated by alcohol 
precipitation methods, although it appears most abundantly in fractions 
II and III and their subfractions: fraction I shows less activity and some 
preparations of fraction [V-1 have shown activity. From this it does 
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not appear that the material corresponds to one of the major electro- 
phoretic components of plasma, since none of them seem to be distributed 
correspondingly through these fractions. The equivalence of fractions 
II and III, as shown in table 3, seems to indicate that it is not the same 
as immune gamma globulin, and in fact one pair of preparations included 
a fraction II which is prepared by the Massachusetts Department of 
Public Health for use in protection against poliomyelitis, and a fraction 
III which is discarded in its preparation. The smallest amount of any 
material that has shown a significant degree of protective activity is 
0.6 mg. of fraction IJI-1. Exhaustive examination of dosage-response 
relations in the various fractions, however, has not been possible because of 
limitations on the amounts of material available. 

Not much can be said about the physiological mode of action of the 
material. Although large amounts of plasma have been used for injection 
(in some cases approaching the blood volume of the mouse), it is clear 
from the fact that albumin in equivalent amounts is totally ineffective 
and that some globulin fractions are effective in very small amounts, 
that the change in blood volume following injection cannot be considered 
responsible for the decreased response of the mouse to irradiation. 

It has not been possible to correlate other physiological changes in 
the injected animals with the effectiveness of the treatment. It has 
been observed on several occasions that the rapidity of the injection bears 
no relation to subsequent survival after irradiation. Injection of some 
substances has given rise to collapse of brief duration, but this has been 
true of both active and inactive preparations, and it has been noted that 
those animals that respond in this way (whether due to speed of injection 
or individual susceptibility) are no more likely to survive the irradiation 
than those that do not. That a general anoxic state induced by the injec- 
tion is responsible for protection seems unlikely, also, because injections 
of fraction III have not potentiated the toxic effects of anoxia induced 
by lowering the O, tension of ambient air. It is hardly necessary to 
mention that concentration of the reducing substances in plasma protein 
is far below that which has any effect on subsequent irradiation; in addi- 
tion, the albumin fraction contains the major proportion of the sulfhydryl 
groups and is ineffective. 

While the term “‘dose reduction” has been used here, it is not intended 
to imply that all of the mechanisms of radiation injury are affected to an 
equivalent degree. Such an implication is certainly not true in the case 
of cataracts, where no dose reduction is apparent. It may be said that a 
group of animals protected by 1 ml. of serum or plasma is quite compar- 
able with mice given 550-600 r and otherwise untreated, with respect to 
weight, hematologic effects, gross early and delayed pathologic responses, 
and the survival curve. There is some evidence that the relative degree 
of protection is the same where the mice receive 1,000 r. 


Concerning the body-weight response, it appears that the situation is 
different where factors promoting hematologic recovery are employed. 
Mice protected against 800 r by spleen homogenate have been reported 
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(19) to lose weight at the same rate as untreated mice given 800 r for the 
first nine days, after which recovery occurs rapidly. Mice protected by 
plasma protein, on the other hand, fail at any time to show the steep loss 
of weight seen in those not so protected (10). It can be said that our 
data are insufficient, as are published data which could be used for com- 
parative purposes, to establish whether or not we are dealing with a pro- 
tection of specific physiological mechanisms. 

The fact that none of the preparations, in the amounts used, reduced 
the “apparent dose”’ below 500 r may be of significance. It may be taken 
to suggest either that they act upon a single component of radiation 
mortality, or that they exert a physiological effect which is fully in opera- 
tion where mortality is only partially relieved. The additivity between 
the effect of these materials and the reaction to cysteine seems to indicate 
that the two operate through different pathways. 


Summary 


Intravenous administration of serum or plasma, homologous or heterolo- 
gous, or of plasma proteins to mice a few minutes before irradiation afford 
partial protection against death and other radiation effects. With the 
exception that no protection against cataracts is apparent, the survival 
pattern and pathologic changes of protected animals correspond to those 
of animals given lower radiation dosage. It has not been possible to re- 
duce the mortality after 800 r below that of unprotected mice after 550 r. 

Using fractionated-plasma proteins it is found that albumin is entirely 
inactive; the greater part of the activity is found in fractions IT and III 
of Cohn. It appears not to be identical with immune gamma globulin and 
has not been identified with any major electrophoretic component. 

The effect cannot be explained on the basis of the sulfhydryl content 
of plasma proteins, nor by blood volume changes resulting from injection. 
Evidence has been presented which makes it appear doubtful that shock 
or an anoxic state induced by injection is primarily responsible for the 
protective action. Additivity of an apparently saturated response with 
that of cysteine suggests that the action takes place through a different 
pathway from cysteine action. 

None of the materials examined has any effect on radiation mortality 
if administered immediately after irradiation. 

Perfusion of White’s medium through a dog spleen which has been 
shielded while the dog was given a lethal dose of total-body! X radiation 
yields a material in the perfusate with similar action; perfusion of a nor- 
mal dog spleen with the same medium fails to do so. 
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PLATE 66 


Figure 1.—Photograph of organ-culture apparatus used for perfusions. The section 
for maintaining pulsatile pressure is on the left, outside the incubator. The organ 
is cannulated and placed in the upper vessel in the incubator; the lower vessel is the 
reservoir for the perfusing medium. 
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A Comparative Analysis of Radiation 
Lethality in Mammals Exposed at Con- 
stant Average Intensity for the Dura- 
tion of Life’ 


Grorce A. Sacuer, Division of Biological and 
Medical Research, Argonne National Laboratory, 
Lemont, Ill. 


1. Introduction 


The objective of this paper is to systematize our empirical knowledge 
about the relationship between dosage and survival time for animal popu- 
lations exposed to a constant average intensity of ionizing radiations for 
the duration of life. At present there is substantial information about 7 
mammalian species, and for some of these species the intensities investi- 
gated range from 0.1 r per day up to 10’ r per day. The very considerable 
amount of information available is, however, in fragmentary form because 
many of the investigations were limited in scope and size. Not until the 
various sets of data have been reduced to uniform units and expressed in 
dimensionally appropriate terms can they be adequately compared and 
analyzed. This review undertakes to show that the existing data on radi- 
ation lethality fall into a pattern of impressive simplicity and coherence, 
and reveal interesting implications for comparative physiology and for the 
physiology of radiation injury and recovery. 

Although the primary objective is to examine the empirical evidence, 
the examination is conducted with reference to the theoretical as well as 
to the applied aspects of the subject. One theoretical aspect is the con- 
ceptual framework in terms of which the present data acquire significance. 
A second is the mathematical analysis needed for this essentially quanti- 
tative subject. These are developed briefly in the succeeding paragraphs. 
It will be shown that the most important applications require a well de- 
veloped theoretical and biometrical apparatus. 

With regard to the role that the analysis of lethality data can play in 
radiobiology and radiation medicine, it may be asserted that lethality 
data in themselves are of limited value. Thus, while it is possible to state 
mathematical relations between radiation dose and survival time, these 
“laws” are usually inaccurate even for the data on which they are based, 
and would in some cases be downright dangerous if extrapolation from 
them were used in medical practice. More serious is the fact that the 
parameters of such curve-fitting equations cannot be given an operational 
~~ 1 Received for publication November 8, 1954. 
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interpretation, and hence the equations can have little fruitful conse- 
quence for physiologic research. 

The problem of accounting for dosage-lethality relationships must there- 
fore be approached by first accounting for lethality in terms of the measur- 
able behavior of the living organism. One is then faced with two inde- 
pendent problems, that may be formulated as follows: first, to investigate 
the statistical relation between physiologic injury and rate of mortality; 
and second, to give an adequate description of the kinematics of radiation 
injury to the elementary physiologic units, especially the cellular units. 
This reduces the general problem to terms that are intelligible and that 
make possible an operational attack. However, when the problem is thus 
reduced to basic terms its difficulty becomes evident. The relation of 
lethality (either as a probability or as a survival time) to dose cannot be 
less complex than the physiologic responses of the irradiated animal. 

In what follows, the available survival data are examined in terms of the 
hypothesis that the mortality in an interval is a function of a weighted sum 
of the intensities of physiologic injury in the same interval. With this 
hypothesis and some unavoidable assumptions we construct a linear model 
of the radiation injury process, and thence deduce a simple mathematical 
expression that gives an approximate measure of the postulated injury 
function. 

The operation that is carried out is a transformation in the mathematical 
sense; the survival data are carried into a form in which they should cor- 
respond to directly measured curves of physiologic injury. No attempt is 
made herein to fit mathematical equations to these curves. The emphasis 
is rather on comparisons between species and between radiation qualities, 
and on comparisons of the deduced curves with some known physiologic 
responses of the various species. It is in this spirit that the task set in 
the opening sentence is carried out. 


2. Derivation of the Relation Between Survival Time and the Under- 
lying Physiologic Injury Process 


The fundamental hypothesis (1) states that exposure to a dose of 
ionizing radiations initiates in organisms a lethal injury process that is a 
weighted sum of the several kinds of physiologic injury produced. The 
hypothesis is developed under the simplifying assumption that the 
organism responds to radiations in linear fashion (1). This implies that: 
1) after a brief (impulse) exposure to radiation the lethal process follows 
a characteristic time course; 2) if only the dose is altered, the lethal 
process is altered in amplitude but not in form; and, 3) the response to 
a temporal sequence of like impulses is equal to the sum of the responses 
to the impulses delivered separately. 

The chances of survival of an organism depend on the value of a quantity 
called the Lethal Injury Function, X, and defined as the sum of the values 
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of the physiologic variables, z;, with each given a weight, w;, according 
to its importance for survival: 


A= we [1]. 


Following a brief exposure to ionizing radiations delivered at time 7 = 0, 
each physiologic variable undergoes a characteristic injury process that 
at time ¢ has the value 


a(t) = kyp(t) I dr [2] 


where ¢,(t) is the time-response to unit dose for the i” variable, 


I dr is the quantity of irradiation delivered at intensity J in time 
interval dr, and 


k, is the dose-sensitivity constant for the i“ variable.” 
The injury to the 7“ variable at time ¢ after a brief exposure at time + 
(t>r>0) is 
a,(t,r) = kot — r)I dr [3]. 


The value of the lethal process following an impulse dose at time r = 0 
is therefore 


aaa = I drSywikibil — [4]. 


For a series of impulses delivered with a constant interval, h, such that 
Ts = gh 


X() = a wot — 1)Idr [5]. 
In the limiting case of continuous exposure this sum becomes an integral 
‘ tn 
X(t) = -1f >> wykidilt a t)dr [6]. 


The intensity variable has been brought outside the integral because we 
are herein concerned only with the case J = constant for r > 0.5 

The system-specific weighting coefficients w, and k; cannot be evaluated 
in application to the whole-body external irradiation problem, so we have 
no alternative but to suppress the subscripting and discuss only the 
summed response. Equation [6] may then be rewritten 


a {0 sail te If" oar [7]. 


In equation [7] the summed injury response is written as a deviation 
from a baseline of zero, which is equivalent to taking as origin the normal 





2 If it should become necessary to compare different radiation qualities or other noxae that have quantitatively 
different actions, the k’s would require a second subscript for the specific agent denoted. 


+ The case of exponentially decreasing dose rate, I=Joe~*, has also been solved, and applied to the lethality of 
injected tritium (), 
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physiologic state at time zero. However, this introduces the incorrect 
implication that the normal state is independent of time (age) thereafter. 
The progressive change in physiologic state that accompanies, and in a 
sense is, the aging process is taken into account in the following fashion (1). 
Consider that the physiologic changes due to age and to irradiation 
accumulate independently and are additive (3), so that the aging process 
is represented by an additive term: 


X®=AW4+I f,  g(n)dr (8}. 


The trend of the aging process for many physiologic systems is a linear 
function of age to a first approximation (4), so we may write for the aging 
function from an origin at the onset of exposure 


A (t) = Bt (8 = constant) [9]. 


For a given J in equation [8] the function X (t) becomes equal at time ¢* 
to a value M, called the lethal bound of injury (1). We define M as the 
value attained by the Lethal Injury Function, X, at the time of death, ¢*, 
of a representative member of the treated population,‘ usually chosen to 
be the mean or median animal. It must be assumed in the absence of 
further information that the value of M is independent of age, species, 
toxic agent employed, etc. (see Sec. 4.4). We now define the Cumulant 
Lethality Function, C;, as 


: 
Cult) = 57 J. o(ridr (10). 
This is seen to be the integral of the Lethal Injury Function for unit dose 
rate with the Lethal Bound as the unit of scale. Now let t% be the sur- 


vival time of nonirradiated animals under the same condition. We have 
from equation [9] and the definition of M 


Blo = M [11]. 
Now in equation [8] let X (¢) reach the lethal bound M 








M=I f  $(2) dr + A(e*) [12], 
0 
so that 
17, _4@]_ 
ak au |= C, [13]. 
However, by using equations [9] and [11], 
A(t) _ pt _ 
M ~ Bt 7" 


4 The foregoing definition of the lethal bound is an oversimplified representation of the death process, for it 
neglects the stochastic nature of the process. This definition is, however, better suited to the discussion of hetero- 
geneous smal] sample data such as we are here concerned with than is a more ponderous exact treatment. The 
stochastic aspects of the death process can best be deduced and exhibited in application to data from large popula- 
tion, for which the actuarial functions can be calculated. Such development and application are reserved for a 
following communication. 
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where f is the length of life of the representative member of the non- 
irradiated population. We obtain finally the solved form of the Cumulant 
Lethality Function 


C,(t*) = 7 - (15). 


Thus it is found that, with the assumptions employed, the physiologic 
injury function that underlies lethality has a value at time ¢* given by 
the reciprocal of the dose rate required to cause the death of the repre- 
sentative member of a population at time t*, modified by an aging term 
that is a linear function of t*. Where t* < t, C, reduces to the reciprocal 
of the dose rate. If J is a function of time the method of solving for C, 
is different (2). 


3. Data and Computations 


Relevant information about species, strain, sex, radiation quality and 
protraction, daily dosages and treatment pattern are tabulated for each 
investigation in table 1. 

All survival data at 0.1 r per day and some data at higher daily dosages 
(see table 1) are excluded because they do not differ significantly from con- 
trol survivals. The after-survival of controls, 4, presented difficulty in some 
cases. Satisfactory data are not available for dog, monkey, or rabbit, in 
particular. One of four procedures was used to estimate control survival, 
as follows: 

1) Use control data as reported ; 
2) Combine control survival and survival at nonsignificant treatment 
level to estimate a pooled control; 
3) Use information from other sources to estimate control survival 
(used only where ?* is less than half the estimated ); 
4) Use a modified formula that permits substitution of survival of 
treated group for control survival; for monkey (Sec. 4.10) and 
rabbit (table 1). 
The procedure is indicated in table 1 for each experiment, and the adopted 
numerical values are tabulated. In the great majority of cases, either the 
experiment included an adequate control group or the experimental sur- 
vival times were so short that the term t*/t) could be neglected. 

There are other sources of uncertainty with magnitudes that can only 
be guessed at. Variability in calibration of X-ray dosimeters may have a 
range in excess of 10 percent. Gamma-ray dosages probably vary still 
more widely, because of divergent practices with respect to ensuring 
equilibrium. To these must be added discrepancies due to divergent 
calibration geometries. 


4. Application of the Cumulant Lethality Transformation to Existing 
Survival Data 


4.1 Introduction: In this section we examine the data catalogued in 
Section 3, as transformed by equation [15] of Section 2. All known data 
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are plotted in text-figure 1, in which the value of the lethality cumulant, 
C,, for a particular treatment group is plotted against its mean survival 
time, t*. Because both variables range over many orders of magnitude, 
they are plotted on log-log coordinates. 

Each species has a distinguishing symbol, as indicated by the key in the 
figure. Data from X ray, gamma ray and neutron exposure are included 
in the figure, and are given distinguishing symbols, also indicated in the 
key. The C, values for neutron exposures are given in rem® units, ob- 
tained by multiplying each daily neutron dose by the single-dose RBE 
reported by that investigator. The single-dose RBE for neutrons with 
respect to X rays is defined as 


_ X-ray LD 


RBE= neutron LD; 


The X-ray LD» is measured in roentgens. The neutron dosages were 
measured in arbitrary “n” units, but when multiplied by the RBE this 
arbitrary factor is canceled out. This topic is discussed further below 
(Sec. 4.9). 

The gamma-ray dosages were all treated as if there were a constant 
gamma-ray RBE of 0.5 (see Sec. 4.8), so that the C, in terms of gamma-ray 
roentgens can be obtained from the values in text-figure 1 by dividing these 
values by 2. 

Before going on to the main tasks of physiologic correlation and species 
comparison we might consider whether the C, versus t* plot provides a 
good basis for these tasks. There are four points that would recommend 
this representation, quite aside from its theoretical justification. They 
are: 

1) The abscissa is a physical variable, time from the beginning of treat- 
ment, that has the same significance for all species. 

2) The ordinate is also a physical variable with dimensions (r/day) (so 
that C, is the injury per unit dose rate). 

3) Direct comparison of radiation specific effects is made possible by the 
correction for natural aging in the various species. The order observed 
in the forms of the cumulant radiation lethality functions of different 
species would not be apparent if raw survival data were used. 

4) The cumulant function is an empirical function: no arbitrary con- 

stants enter into its estimation. 
It must be remembered, however, that approximations have been made in 
the theoretical development, and that insufficient control data and certain 
experimental difficulties introduce errors that become more serious as ¢* 
approaches fo. 

4.2 General characteristics of the cumulant functions of the seven species: — 
The first point to note is that each species manifests a remarkably tight 
pattern. Nowhere do the combined X- and gamma-ray C, values for a 
species at a given survival time have more than a twofold range of varia- 
tion. This is evidence of a high order of consistency in the results when 


+ Roentgen equivalent mammal. 
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one considers that, in our laboratory, mouse strains have been found to 
vary by a factor of 1.3 in single dose LD and by a factor in excess of 1.7 
for C; in the 50- to 90-day region (15). In view of the latter finding it is 
likely that the greater part of the intraspecies variation seen here will be 
found to arise from strain differences. 


The intraspecies variation is small in comparison with the interspecies 
differences. In the most extreme case, guinea pig is tenfold more sensitive 
than rat or rabbit in the 200-day region. No two species present cumu- 
lant lethality functions identical in every respect. The two most closely 
related species taxonomically, mouse and rat, are most nearly alike in the 
characteristics of their cumulant functions. 


These observations justify the construction of cumulant curves for each 
species by passing curves through the clusters of points, even where the 
points in different parts of the curves come from different investigators 
and strains, and inhomogeneity between the X-ray and adjusted gamma- 
ray points, arising from inaccuracy in the provisional estimate of the 
gamma ray RBE, must be ignored. 

4.3 Generic features of the cumulant curves:—Those species for which 
the cumulant is adequately mapped show in the plot of log C, versus log t* 
a steep linear rise at the shortest survival times followed by a plateau 
period in which the value of C; is almost independent of time. This hori- 
zontal branch is succeeded at later times by a linearly increasing branch. 
The greatest differentiation between species is observed in the plateau 
branch. No significant species differences are observed in the early 
steeply rising branch and although the late, linearly increasing branch is 
not well defined for all species, there are indications that species differences 
are less in this branch than in the plateau region. 


Although these generic resemblances are beyond question, the cumulant 
curves differ in detail in enough respects to permit the conclusion that 
there are several factors in radiosensitivity that vary independently 
between species. 


44 The early, steeply rising branch.—The full extent of the early branch 
is shown in the inset in text-figure 1. This branch is a straight line (seg- 
ment A—A) with a slope of 1.74, that extends from about 0.02 days to 20 
days and perhaps beyond, covering a range of C, values from 10~’ to more 
than 10~? (r/day)™. 

The cumulant curves of all species have this branch as a common 
asymptote. The agreement between species is remarkable, for no signifi- 
cant differences can be observed, either in slope or intercept. The species 
differ markedly in the time at which they break away from the early 
branch. The rabbit falls abruptly away from the common trend before 
the 10th day, mouse and rat fall off together and gradually between the 
10th and 20th days; dog, guinea pig, and burro between the 20th and 30th 
days. 

The values between 0.01 and 0.1 days were determined by observing the 
survival times in X- or gamma-ray beams at intensities of hundreds or 
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TExtT-FIGURE 1.—Cumulant lethality for 7 species of mammals, plotted against mean 
survival time on a log-log grid. 


thousands of r per minute. It should be noted that these data come from 
several independent investigations (9, 13, 14). 

The approximate square-law relation between dose rate and survival 
time was first described for survival of the mouse and rat (1), where, for 
survival times from 4 to 8 days, the data fitted the formula 


I#=16,000 roentgen days [16]. 
The constants for the early branch in text-figure 1 are estimated to be 


logio Cz, = 1.74 logy t* — 4.00 (17] 
or 
Cy = 1074(t*)!™ [18]. 


The interpretation given previously (1) for the approximate square-law 
behavior at early times was that, at times so short that recovery has not 
yet set in, the impulse injury function ¢(¢) rises approximately as the first 
power of time after irradiation 


o(t) at [19]. 
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The cumulant function would then be 


[+0 dt af (20). 
0 


It was indeed found in the earlier study that the relation between single 
dose (D) and mean survival time for supralethal doses obeyed the relation 


Dt* = constant [21] 


as is required by the hypothesis that initially the single-dose injury func- 
tion increases in proportion to time. Beyond this point inconsistency 
arises that has not yet been resolved (1). The breakdown is not a result 
of neglecting the stochastic element in the death process, since an analysis 
taking this into account reveals the same discrepancy.® By elimination, 
it becomes more likely that nonlinearity in the kinematics of radiation 
injury is the cause, and this is borne out by the discontinuity in the rela- 
tion between size of single dose and survival time that is seen at about 4 
days (28). Investigation of the time range from 0.1 to 5 days with con- 
tinuous exposures is needed to resolve the dilemma. 

It is reasonably certain that the early branch exhibits the time course 
of accumulation of radiation injury almost uninfluenced by recovery. 
The power law of accumulation and the absence of species differences are 
evidence of this. 

The invariance of survival time between species at sufficiently high 
rates that has been noted for 6 mammalian species unexpectedly gives 
testimony in favor of one of the fundamental hypotheses of the theory of 
ethality. This hypothesis asserts that the value of the lethal bound of 
njury, M, is invariant with respect to species, etc. The most parsimoni- 
ous explanation for the species in variance of the cumulant function at 
very early times is that: (a) the primary molecular damage produced by 
radiations must be of the same kind and degree in all species; (6) the 
subsequent chain reaction of injury must have essentially the same paths 
and time course, at least in Mammalia and at constant temperature, etc.; 
and (c) the end point of the process, as measured by death, must be quan- 
titatively the same among mammals. This end point is the lethal bound, 
as defined. 

This argument is compelling with regard to the modes of death that 
prevail in the first few days, but it serves at best to increase the plausi- 
bility of the hypothesis with regard to later times. Direct support for 
the hypothesis under any other conditions will be difficult to come by, be- 
cause the intervention of recovery mechanisms, which are beyond question 
species-specific, place almost insuperable difficulties in the way of quantita- 
tive verification. 

4.5 The onset of recovery; species differences; correlations with single dose 
DL» and with single dose mean survival time.—The falling away from the 
early power function trend is a consequence of recovery processes. This 


6 Unpublished data. 


Vol. 15, No. 4, February 1955 











1136 SACHER 


follows from the proof, in the preceding paragraph, that the initial stages, 
at least, of the injury process are quantitatively identical for all mammals 
examined. 

It is not possible to give a single measure of the recoverability of the 
various species because it is obvious from the shapes of the different 
curves that there are several systems involved that have independent re- 
covery constants. We can neglect these complications and draw some 
semiquantitative correlations. 

The numerical rank of the 7 species examined here with respect to 
various measures of radiation sensitivity, is given in table 2. It may be 
noted that: 

1) Rank orders are correlated for all measures of acute sensitivity, 
whether single dose or daily dose. 


2) C, values in the 11- to 17-day period and reciprocal LD,»’s not only 
are correlated but also have almost constant ratio one to another for 6 
species. The rank order is fairly well preserved at 200 to 300 days but 
the constancy of ratios is not. A recovery time deduced from single-dose- 
survival data is also in constant ratio with reciprocal LD» and 11- to 17- 
day C;. 

3) The mean survival time of decedents following less than LD» dosages 
is negatively correlated with LD». This is in agreement with the forms 
of the cumulant functions of sensitive and resistant species because, if 
physical sensitivity is constant and the recovery time is increased, the 
maximum intensity of injury following a single dose also increases, and the 
maximum is reached at a later time. 

In summary, the properties of the C, functions of the various species 
are highly correlated with other measures of the radiation response in the 
acute time period. 

4.6 The plateau branch.—The most striking feature of this branch is 
the great spread between the most sensitive and the least sensitive species. 


TABLE 2.— Tabulation of some measures of radiation sensitivity derived from single-dose 
and duration-of-life lethality studies 








: Cumulan Cumulan 
; LDso > MST*| value 11-19 | Recovery a 
Species (r) LD (days) dayst constant 200 days 
idl (riday)-+ | 9v)% | (riday)~! 
Rabbit (29)..| 800 | 1.25 x 10-3 11 4.5 X 10-3 5 2.9 X 10-3 
Rat (18).....| 600 | 1.67 x 10-3 12 Ss xi 7 2.5 X 10-3 
Mouse (Avy- 
erage)..... 600 | 1.67 X 10-3 12 8 xX 10° | a7 X 10 
Monkey (30).| 450] 2.2 x 10-3 16 —_-_-_—_——_— 9 52 xX< 10° 
Dog (30) ($1).| 325 | 3.1 xX 10-3 17 13 xX10° 12 10.5 X 10-3 
Burro (26)...| §750 | 1.33 * 10-3 13 xX10°3| — — — —_-—— 
Guinea pig 
Ry 200 | 5 x 10-3 17 13 x*10?};———|]19 xX 10° 























*Mean survival time for less than L Dse dosages. 
tEstimated value at single-dose MST of respective species. 
tEstimated from single-dose survival times (83). 

§Co® gamma. 
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At 200 days the guinea pig harbors about 10 times more radiation injury 
than the rat per unit dose rate (table 2). 

The physiologic significance of the plateau period is that all, or the 
greater part of, the recovery processes of the organism have, by this 
time, come into a quasi-steady state with the injury that is continually 
being produced by the constantly impinging ionizing radiations. The 
plateau is not well attained until a time has elapsed that is at least 3 
times the longest mean recovery time ’ of the system. 

When we examine the C, functions of guinea pig, dog, and rabbit we 
see that the final plateau value is not attained smoothly, but rather by 
two or more steps. This is evidence that at least that number of physio- 
logic systems have recovery times spaced widely enough to permit 
such differentiation. 

The times for guinea pig, dog, and rabbit, respectively, to attain their 
final plateaus are about 140, 140 and 100 days. We infer therefore that 
systems must be present having recovery times ranging between 50 and 
30 days. The similarity of these times to the life expectation of the 
erythrocyte in these animals is too striking to be ignored. There is also 
the observation that deaths in the 60- to 200-day period are due to a 
characteristic syndrome of aplastic anemia (10). Mouse and rat do not 
show stepwise recovery in text-figure 1, but this is due to the obscuring 
effect of plotting together data from a number of strains. A thorough 
study of a homogeneous mouse population (1) reveals the same stepwise 
character, but the steps are not so distinct and the final plateau is fully 
attained in about 60 days. 

The times required to reach the first plateau after breaking away from 
the early rising branch are in agreement with the mean recovery times 
deduced from single-dose lethality studies. The mean recovery times are 
listed in table 2. 

When the final plateau is attained, recoverable injury no longer ac- 
cumulates progressively. However, the component of nonrecoverable 
injury is accumulating continuously and the time finally arrives when this 
component exceeds in magnitude the recoverable injury. It is at this 
time that the final increasing branch of the cumulant function becomes 
recognizable. In some species the nonrecovering component becomes 
manifest much earlier than the control mean survival time. Mouse and 
rabbit are examples of this. In the guinea pig, on the other hand, the 
plateau branch is so predominant that the nonrecovering branch never 
becomes evident. It would appear, from examination of pathologic data 
on guinea pig and rabbit, that the different physiologic status of these 
species is reflected in differences in incidence of pathologic conditions (10). 

Finally, there is the question whether the very existence of the broad 
final plateau might not be an artifact due to the introduction of the 
correction for natural aging. Since the long-lived species get much smaller 
corrections, and yet show plateaus as well defined as those for the mouse 
and rat, it does not seem probable that the plateau is an artifact. The 


7 The mean recovery time will be here defined as the reciprocal of the recovery rate constant. 
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slope of the plateau branch might well be affected by inaccuracy in the 
correction and for this reason the slopes are not compared. 

4.7 The late ascending (chronic) branch.—This branch is perhaps the 
most important for society, but unfortunately it is the least well 
established. Some characteristics of this branch may be listed. 

1) In a species for which the late branch is fairly well established, 
e.g., mouse, both for X and gamma rays and for neutrons, the trend, on the 
log-log plot, is linear with unit slope. In other words, late injury accu- 
mulates in proportion to accumulated dose, or to time in the case of 
exposure at a constant rate. Suppose that C, [Eq. 15] is increasing in 
proportion to time, 


=1(1-7)=" [29] 


»-1(3-1) 23) 


Equation [23] has long been used to fit survival data at low dose rates 
(1, 17). 

Increase of C, as the first power of time is the behavior to be expected 
if injury arising from low levels of radiation cumulate with the natural 
aging process, accelerating pathologic tendencies but introducing no 
qualitatively new pathology. From what little is known, this appears 
to be the case. In contrast to the situation in the plateau period, we 
should expect to find in this final period no displacements of the physiologic 
steady states of greater magnitude than those that accompany aging. 
This expectation is on the whole confirmed by the available histologic and 
hematologic data on animals exposed at low levels. 

2) There is a slight indication that species differences decrease when the 
late branch is fully attained. One notes that the dog and guinea pig have 
appreciably reduced their disadvantage over the mouse by 1,000 days, 
while the rat, on the other hand apparently lost its advantage over the 
mouse at 500 days. This behavior of the rat, like the anomalous response 
of the monkey, is open to another interpretation (see Sec. 4.10). 

Tentative estimates of the dosage sensitivity constants for mouse, dog, 
and rabbit exposed to X or gamma rays, but expressed in terms of X rays, 
are 


so that 


km™=17 X 10-5 r-!_ (mouse) [24] 
kg==35 X 10-° r= (dog) [25] 
k,~9 XK 10-5 r= (rabbit) [26]. 


These values are in the rank order of reciprocal LD,w»’s for these species 
(table 2). They may be inserted in equation [23] to estimate the reduc- 
tion in life expectation by dose rate J within the domain of the late rising 
branch. The tentative nature of these estimates must be emphasized, 
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for the trend is barely established and then only for mortality from all 
causes. Accurate determination of dosage sensitivity for specific causes 
of death remains to be done. 

3) The late branch of the cumulant functions of the experimental 
animals shows no recovery within the life spans of these animals. It 
should not be inferred from this that no recovery is possible at later 
times in the comparable component of the longer-lived species. For the 
present, however, the safest and most reasonable working assumption is 
that the chronic branch is nonrecovering in all species in the absence of 
medical intervention. 

4.8 RBE for gamma rays and the effect of protraction—The cumulant 
values for the gamma-ray data for mice and rats could be made to super- 
impose reasonably well on those for X rays by assuming a gamma-ray 
RBE of 0.5 (see Sec. 1 above). This factor is a correction both for 
radiation quality and for protraction, since all gamma-ray exposures to 
mice and rats were given over periods of 8 or 24 hours per day. It appears 
then that X and gamma rays have about the same relative effectiveness 
from the acute through the chronic range, and it is therefore probable that 
their mechanisms of action are very similar. 

All except one of the guinea pig cumulant values are based on gamma- 
ray exposures and the same RBE was employed with the justification that 
it was satisfactory for mouse and rat. There is, however, no direct 
evidence that the guinea-pig-cumulant values for X-ray exposure would 
be as indicated in text-figure 1. Studies of guinea-pig survival under 
daily exposure to X rays in the dose-rate range from 10 r per day to 1 r per 
day are needed. 

The data for the burro were obtained from gamma-ray exposures at a 
dose rate of about 50 r per hour, so that the exposure times range from 8 
hours down to 0.5 hours. The effectiveness of gamma rays varies about 
20 percent over this range of protractions (34) so that a small bias 
(probably below the level of significance) exists between the highest and 
the lowest daily dose results. The assumed RBE of 0.5 puts the burro 
data precisely on the early rising trend line, which is determined prin- 
cipally by X-ray values. It would appear therefore that this assumed 
value is also a reasonably good estimate of the RBE of protracted gamma 
rays in the case of the burro. 

It is clear that the RBE of gamma rays and the effects of protraction 
need further investigation, because the few studies that have been done 
provide too small a base for the tremendous amount of work that is being 
done with these two radiation qualities, especially when one realizes, as 
is shown by this survey, that results with these two qualities are completely 
interconvertible. 

4.9 Comparison of X rays and fast neutrons.—Neutron dosages were 
converted to rem units, based on the ratio of X ray to neutron LD,»’s 
(see Sec. 4.1). When the C, for neutron-irradiated mice is compared to 
that for X and gamma rays, an interesting pattern appears. The RBE of 
neutrons (as rem) is effectively unity for 80 days, at which time the C;, 
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curve for neutron branches off from the X-ray curve and starts into the 
late rising trend. The coefficients of the late branch for neutrons and 
X rays, respectively, are 


keimn2@34 X 1075 (rem)! [27] 
Rhas™17 KX 1078 r=! [28]. 


The effectiveness of neutrons is double that of X rays in the late branch. 
It would appear therefore that when neutrons are equated to X rays by 
the LD,» response, this equality holds for all components of recoverable 
injury, but the nonrecovering component is twice as sensitive to neutrons. 
That late effects of daily exposure to neutrons have a greater RBE has been 
a matter of interest since it was originally reported (6,7). This analy- 
sis shows that the increase in RBE is not achieved by a gradual transition, 
but rather by the characteristically higher sensitivity of one response 
component; namely, the late rising or chronic branch. This finding serves 
better than any other to indicate that the recovering and nonrecovering 
injury components are different in kind. 

4.10 Monkey and rat; possible effect of intercurrent disease.—The highest 
cumulant values observed for any species are those for the monkey (17) .8 
Furthermore, there is in these data no evidence that the monkey cumulant 
is approaching a plateau as late as 250 days. 

These observations are most disquieting, but there are other factors 
to take into account. Tuberculosis was enzoétic among these animals and 
the death rate from this cause was high (17). Also, analysis of the survival 
data shows that in all the treatment groups, including the 0.1 r per day 
level, the dying out was exponential from the beginning of treatment. 
Thus the mode of action of radiations must have been entirely different 
here than in other species, which show an entirely different sigmoid order 
of death. 

These observations taken together suggest the possibility that when 
morbidity from other injury or disease processes reaches a high level, the 
radiation lethality process is radically altered, both quantitatively and 
qualitatively. In view of the fact that the great bulk of results to date 
are obtained from young, healthy populations as the starting point, these 
findings emphasize the need for information about the age-dependence of 
radiation injury and about the interaction with other kinds of debility. 

The behavior of the rat cumulant function is perhaps an example of a 
similar situation, for the cumulant rises abruptly after 400 days (E-E, 
text-fig. 1). This is the age at which respiratory disease becomes enzodtic 
or epizoétic in some colonies and strains of rats; a similar pattern is noted 
in reports from widely separated laboratories working with various strains 
of rats. The relatively great sensitivity of the guinea pig in the acute 
and subacute period perhaps has a similar origin. 


* In obtaining the cumulant values used here, deaths in the first 10 days of treatment were excluded from the 
averages and the 0.1 r per day level was taken as the control group. 
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The low slope of the plateau branch of the rat cumulant curve could 
be due to the effect of rat pneumonia on the survival of control rats. 
These show heavy mortality from this cause, starting after one year of 
age, and the expectation of life is greatly reduced thereby. Since this 
cause of death does not operate before 400 days, the life expectation for 
controls to be inserted into equation [15] should be the expectation that 
would prevail if this cause of death were removed. However, it should be 
made clear that even if control expectation for rats were assumed to be 
1,000 days, which is considerably in excess of any ever observed (365), the 
plateau of the rat cumulant curve would not be moved into superposition 
on the mouse curve. Therefore there is a real difference between the 
mouse and rat in the late part of their cumulant curves. 


5. Discussion 


5.1 Summary of preceding sections.—An analysis of radiation lethality 
in mammals has been developed on the basis that: 1) many or all aspects 
of physiologic function are affected by radiations; 2) the responses 
of physiologic systems to irradiation, and the interactions between 
systems, are linear; 3) a lethal process arises which is a weighted sum of 
the injuries to the constituent systems; 4) death occurs when this process 
intersects with a lethal bound of injury; and 5) when aging is a signifi- 
cant factor, the effects of the aging process and the radiation process 
combine additively. The further approximation is made that the behavior 
of a population is described by a representative animal, taken to be the 
mean or median animal. This latter approximation permits the inter- 
pretation of data from small groups of animals, which is the burden of the 
present paper. 

The data analyzed were mean survival times at various daily dosages. 
Data for 7 species were available. By using the above hypotheses, it is 
possible to deduce for each species a cumulant lethality function that 
describes the course physiologic injury would follow consequent to con- 
tinous exposure if the species behaved according to hypothesis. No 
internal test of consistency is possible, but one can determine whether 
the derived lethality functions are consistent with other kinds of infor- 
mation. At least semiquantitative consistency is obtained for several 
types of comparison. The results obtained thus far justify the conclusion 
that the essential assumptions are realistic and that the generalizations 
that may be necessary for a more exact treatment will not make the prob- 
lem intractable. 

The most sensitive and the least sensitive species investigated differ 
by a factor of 10 in the plateau (steady state) values of their cumulant 
functions, and there is about a factor of 4 between the LD,» values of 
the same species. 

The form of the cumulant function provides a basis for definitions of 
acute, subacute and chronic injury that would be consistent between 
species. For example, chronic injury in a given species might be defined 
as the injury manifested when the final branch, on which accumulated 
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injury is proportional to accumulated dose, becomes predominant over 
the plateau branch of equilibrated recoverable injury. 

There is evidence that the chronic branch of the cumulant function shows 
less species variation than the horizontal branch. It will be a matter of 
considerable difficulty to assay this, for we have the experimental difficulty 
of investigating chronic survival, and the further problem of species 
differences in aging pattern. 

The problems of the relative biological effectiveness of different radia- 
tion qualities and of different protractions are clarified insofar as it is 
possible to attribute the altered effectiveness to a specific phase of the 
lethal process. Thus, the increased relative effectiveness of neutron 
exposure at low daily dose over that at high daily dose is attributable to a 
specifically increased effectiveness of neutrons on the chronic, nonrecover- 
ing, injury component. On the other hand the relative effectiveness of 
X rays and gamma rays seems to be constant at all dose rates. 

A problem in need of further investigation is that of the interactions be- 
tween a radiation-induced lethal process and coexisting lethal processes of 
other kinds, especially those arising from disease. The case is of practical 
importance, and also affords one means of approaching the crucial question 
of how injury processes interact to determine lethality. 

5.2 Implications for further developments in the analysis of radiation 
lethality.—The duration-of-life exposure condition has performed a valuable 
role in making it possible to shape, in broad outline, the complete spec- 
trum of physiologic injury and lethality. No other experimental pro- 
cedure could have served this purpose as well. Now that this perspective 
has been achieved, consideration should be given to the further steps 
needed to develop a powerful and accurate predictive calculus. 

It is important that the gaps and uncertainties in our present knowledge 
of the cumulant functions be filled in. The most important step, however, 
is to put the analysis of radiation lethality on a system-specific basis. 
This suggests two experimental problems. The first is to carry out a 
program of differential irradiation of organs, tissues or other natural 
body divisions. One possible way of doing this is to use a group of diverse- 
ly metabolized radioisotopes. The fact that these materials expose the 
animal to a time-dependent radiation intensity presents no additional 
problem, since the theory developed here is applicable in such circum- 
stances (2). 

The second problem is that of measuring the effects of radiations on a 
number of physiologic systems during the course of exposure, with 
concomitant measurement of the rates of mortality due to specific causes. 

There is a possibility that with this information at least a first-order 
analysis of lethality can be made that deals quantitatively with the salient 
features of the problem. These may be listed as: 1) the general law of 
relation between injury and lethality; 2) the parameters of this relation 
for each physiologic system; 3) the mode of combination of different 
kinds of injury to produce a resultant lethality; 4) the radiation sensi- 
tivity and kinematics of the individual systems. 
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The objectives listed are, at least implicitly, the objectives of a great 
deal of the work now being done in the fields of physiology, histology, 
cytology, pathology, etc. The important point to be made is that there 
must be explicit recognition of the necessity for concerted effort. The 
tremendous advances in nuclear physics and engineering could never 
have emerged from the uncoordinated efforts of individual investigators, 
however brilliant some of the contributions may have been. In an even 
more imperative sense, the achievement of a rational biology of the 
integrated organism, especially as it bears on the problem of the stability 
of living systems, will require a long period of conscious coordination of 
research effort that must extend beyond the boundaries of individual 
laboratories and individual disciplines. 
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Level of Protein Intake and Nitrogen 
Excretion in Rats Following Total- 
Body X Irradiation! 


Jutius Wuite, Bernarp E. Burr,? Harriett T. 
Coot, Pumur W. Davin, and Mona §. ALLy, 
National Cancer Institute,’ Bethesda, Md. 


The interest in recent years on the various aspects of the radiation 
syndrome has been indicated by the large number of publications and 
reviews. Some have dealt with the various approaches to explain the 
mechanisms of radiation protection (1-4). Recently an excellent review 
(5) appeared on the biochemical changes occurring in animals following 
X irradiation. Emphasis was placed on changes in nucleic acids, carbo- 
hydrates and fat metabolism, as well as in serum proteins. Reports 
concerning nitrogen metabolism have been quite limited. 

Inasmuch as a major portion of nitrogen balance and excretion generally 
indicates protein synthesis and degradation, it represents an index to 
protein metabolism. 

In a preliminary report (6), a marked increase in nitrogen excretion was 
observed in rats ingesting a relatively low protein diet and exposed to 
450 r total-body X irradiation. This increase in nitrogen output was 
reflected chiefly in the urea fraction. This suggested an increase in protein 
catabolism. Gros and Mandel (7) reported an average 36-percent in- 
crease in nitrogen excretion and a 44-percent increase in allantoin excretion 
in rats established on a protein-free diet and subjected to 400 r. Gustafson 
and Koletsky (8) exposed male rats to 660 r, which resulted in a 30 per- 
cent greater excretion of nitrogen than pair-fed controls. Brues (9) has 
also found a body nitrogen loss that was reflected in the urea fraction of 
the urine in rats following exposure to 450 r. 

In this paper we wish to report the effect of various concentrations of 
protein intake on the rate of nitrogen excretion in rats exposed to 450 to 
500 r total-body X irradiation. 


Materials and Methods 


Male and female Sprague-Dawley * as well as Osborne-Mendel rats 
weighing 230 to 300 grams were used. Three diets were employed for 


1 Received for publication October 25, 1954. 

? Part of this material has been presented to the faculty of Georgetown University by Bernard E. Burr in partial 
fulfillment of the requirements for the degree of Master of Science. 

3 National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 

* Hormone Assay Laboratories, Chicago, Ill. 
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this study: C-6, C-15 and C-20 respectively, previously described (10),5 
differing from each other only in the percent casein and starch present. 
C-6, C-15 and C-20 represent diets containing 6, 15 and 20 percent casein, 
respectively. The diets were isocaloric. In every case, the animals were 
allowed to ingest their respective diets for 30 days prior to any experi- 
mental procedure. They were housed individually in plastic cages with 
wire-mesh bottoms and so constructed that urine and feces could be 
collected separately. Urine and feces were collected every 24 hours and 
analyzed separately. Urine was analyzed for total nitrogen, urea nitrogen 
and ammonia nitrogen. Feces were analyzed for total nitrogen. Total 
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TEXT-FIGURE 1.—Average daily total nitrogen excretion in rats following whole-body 
X irradiation (C-6 diet). Preirradiation period of nitrogen excretion is fixed at 100. 
Vertical dotted lines indicate standard error. Curves are averages of 14 rats. 
Spleen-shielded curve is average of 5 animals. 


nitrogen and ammonia nitrogen were determined by the micro-Kjeldahl 
method and urea was precipitated as the dixanthhydrol derivative. In 
the pair-feeding procedure, the pair-fed animal was given that amount 
of food consumed the previous day by the experimental animal. 

The experimental animal received either 450 or 500 r total-body X 
irradiation.* Experimental data indicated that there was no significant 
difference in the nitrogen excretion in rats receiving 450 or 500 r. 


Results and Discussion 


Animals ingesting the C-6 diet show a marked increase in nitrogen 
excretion (text-fig. 1) following exposure to whole-body X irradiation. 
Accompanying this increased nitrogen excretion there is a marked drop 
in food intake (text-fig. 2) during the first 1 to 4 days following X-ray 
treatment. 


5 Cod-liver oil was fed as a supplement twice weekly. 

* The irradiation conditions were 186 KVP, 20 Ma., 0.25 mm. Cu +0.55mm. Al. Two tubes opposite each 
other were used to obtain a uniform tissue dose; their foci were 35 cm. from the center of the rats. The dosage 
rate was 205 r per minute. 
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No significant change in nitrogen excretion was seen in the pair-fed 
group. Since it is known (11) that exteriorizing and shielding the spleen 
protects animals against lethal doses of whole-body X irradiation, nitrogen 
excretion studies were made on such animals; an elevated nitrogen 
excretion resulted but it was significantly lower than the nonshielded 
group. This suggests that spleen protection against whole-body X 
irradiation not only involves the hematopoietic system but has a pro- 
tective action against increased nitrogen metabolism resulting from 
radiation exposure. It can be noted that after the sixth day following 
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TEXT-FIGURE 2.—Average daily food intake of animals ingesting C-6, C-15, C-20 
and C-6 plus methionine diets. Methionine (0.5 percent) was added and the 
cystine removed in the latter diet. 


X irradiation there is an excretion of nitrogen equal to the preirradiation 
period. 

Animals ingesting the C-20 diet show an increased nitrogen excretion 
following X-ray treatment (text-fig. 3), but the increased excretion is 
considerably less than that of animals similarly treated in the C-6 diet 
(text-fig. 1). Pair-feeding experiments actually resulted in nitrogen 
retention in the pair-fed nonirradiated controls, suggesting that these 
pair-fed animals may be utilizing their stored fats as a source of energy 
and sparing nitrogen. A marked drop in food intake following irradiation 
was also observed (text-fig. 2) in this group. 

Animals ingesting the C-15 diet show an increased nitrogen excretion 
(text-fig. 4) similar to that of the animals of the C-20 group, with the 
exception of the first day when the values are intermediate between the 
C-6 and C-20 group. No paired feeding was done in this group. Lowered 
food intake after X ray was also noted (text-fig. 2). 

The diets employed (C-6, C-15 and C-20) in these experiments were 
somewhat deficient in their vitamin B,. content. The methionine con- 
tent of the C-6 diet was lower than the C-15 and C-20 diets. However, 
the addition of methionine (0.5 percent) in place of the cystine to the C-6 
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TEXT-FIGURE 3.—Average daily total nitrogen excretion in rats following whole- 
body X irradiation (C-20 diet). Preirradiation period of nitrogen excretion fixed 
at 100. Vertical dotted lines indicate standard error. Curves are averages of 12 
rats. 
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TEXT-FIGURE 4.—Average daily total nitrogen excretion in rats following whole-body 
X irradiation (C-15 diet). Preirradiation period of nitrogen excretion fixed at 100. 
Vertical dotted lines indicate standard error. Curve is average of 4 animals. 


diet (text-fig. 2), which would have a sparing action on vitamin By, resulted 
in no greater food consumption or growth when fed to rats than the C-6 
diet alone. Furthermore, irradiated rats ingesting the C-6 + methionine 
diet showed essentially the same nitrogen excretion as did the animals 
ingesting the C-6 diet alone (unpublished data). 

The marked increased excretion of nitrogen of animals on the C-6 diet 
is reflected chiefly in the urea fraction of the urine (text-fig. 5). Since 
urea is the chief end product of protein metabolism, the elevated nitrogen 
excretion represents a measure of protein breakdown. Pair-fed animals 
did not show any marked increase in urinary urea, while the spleen- 
shielded animals showed an increase parallel to their total nitrogen excre- 
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TEXT-FIGURE 5.—Average daily urea-nitrogen excretion in rats following whole-body 
X irradiation (C-6 diet). Preirradiation period of urea excretion fixed at 100. 
Vertical dotted lines indicate standard error. 
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TEXT-FIGURE 6.—Average daily urea-nitrogen excretion in rats following whole-body 
X irradiation (C-15 diet). Preirradiation period of urea excretion fixed at 100. 
Vertical dotted lines indicate standard error. 


tion. Animals ingesting the C-15 and the C-20 diets show similar in- 
creased levels of urea excretion (text-figs. 6 and 7). 

It is not surprising that upon irradiation there results a marked increase 
in nitrogen excretion in rats ingesting the C-6 diet. Animals on this diet 
weighing 200 to 300 grams gained weight very slowly at a rate of 2 to 5 
grams per week (text-fig. 8). Animals on the C-15 and C-20 diets gain 
at a rate of 15 to 18 and 21 to 26 grams per week, respectively. In text- 
figure 9 are shown the nitrogen balance curves of rats on the C-6, C-15 and 
C-20 diets, respectively. All 3 groups show a negative nitrogen balance 
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TExtT-FIGURE 7.—Average daily urea-nitrogen excretion in rats following whole-body 
X irradiation (C-20 diet). Preirradiation period of urea excretion fixed at 100. 
Vertical dotted lines indicate standard error. 
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TEXT-FIGURE 8.—Average daily weight changes of rats ingesting C-6, C-15 and C-20 
diets, respectively. 


following whole-body X irradiation, the C-20 group showing the greatest 
retention of nitrogen. The negative nitrogen balance of the C-15 group 
would be expected to be between the C-6 and the C-20 groups but actually 
is greater than the C-20 group. This, in part, is attributable to the large 
standard error of the C-15 group, particularly the first day. The C-15 
curve represents only 4 animals. The curves for the C-6 and C-20 repre- 
sent 14 and 12 animals, respectively, which were pair-fed. Equal num- 
bers of males and females were used. A total of 30 C-6 and 24 C-20 ani- 
mals were actually studied and the results are essentially identical with 
those of the 14 C-6 animals and of the 12 C-20 animals as presented in 
text-figure 9. The death incidence of rats in the C-6 and C-20 groups in 
the first 5 days is 20 and 15 percent, respectively. No early deaths are 
observed on the C-15 diet (unpublished data). After the first 3 to 4 days 
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TEXT-FIGURE 9.—Average daily nitrogen balance in rats following whole-body X ir- 
radiation. Preirradiation nitrogen balance set at a baseline of zero. Vertical dotted 
lines indicate standard error. 


following X irradiation, there is a greater consumption of food as is shown 
in text-figure 2 accompanied by a gradual increase in weight. During 
the first few days following X irradiation there is a marked loss in weight, 
in some cases exceeding 30 grams. With the return to normal food intake, 
nitrogen is stored during the repletion period. 

The experimental animals receiving the C-20 diet show a high total 
caloric intake, a positive protein caloric balance and a continued weight 
gain during the control period (table 1). After irradiation the total caloric 
intake is reduced, the protein caloric balance is negative and the animals 
lose weight for the first 4 days. This is followed by increase in the total 
caloric intake with associated positive protein caloric balance and weight 
gain. 

The experimental animals on the C-15 diet show a positive protein 
caloric balance, a sustained weight gain and a high total caloric intake 
during the control period (table 2). Following irradiation there is re- 
duced total caloric intake accompanied by a negative protein caloric 
balance and weight loss. After the fourth day of the experimental period 
total caloric intake increases and a positive protein caloric balance is seen 
associated with weight gain. 

During the control period, the animals on the C-6 diet show a positive 
protein caloric balance and a sustained weight gain indicating a positive 
total caloric balance (table 3). Following irradiation these animals re- 
flect the physiological injury with a substantial reduction in total caloric 
intake with concomitant weight loss and negative protein caloric balance. 
It should be noted that on the last days of the experimental period the 
protein caloric balance reverts to positive and the total caloric balance 
approaches control levels; however, the weight loss continues. No ex- 
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TABLE 1.—Average daily caloric balance (12 animals) derived from proteins on the C-20 
diet before and after total-body X irradiation 






































Calories f i 
Day | BW* | ABWt | T. cal. wrote era tient Un/Tn§ 
Intake Output Balance 
1 1S Se 68. 74 10. 00 5. 24 +4. 76 0. 71 
2 270 +9 66. 69 9. 70 5. 57 +413 71 
3 275 +5 67. 72 9. 85 5. 29 +4. 56 . 
4 278 +3 69. 77 10. 15 4. 92 +5. 23 . 76 
5 281 +3 | 65.66 9. 55 4 +4. 64 .72 
450 r total-body X irradiation 
6 o71 | -10 | 2257 | 328 6.05 | —277 | 072 
7 267 —4 | 22.57 3. 28 5. 61 —2. 33 .74 
8 262 =§ 24. 62 3. 58 4.77 —1.19 .74 
9 264 +2 42. 07 6. 12 5. 21 +0. 91 . 76 
10 266 42 | 5848 8. 51 5. 37 43.14 . 76 
11 275 +9 50. 27 7. 31 5. 00 +2. 31 74 
12 276 +1 | 5643 8. 21 5. 39 +2. 82 .74 
*Body weight. 
tDaily weight change. 
tTotal caloric intake. 


§Ratio of urinary urea nitrogen to urinary total nitrogen. 


TABLE 2.—Average daily caloric balance (4 animals) derived from proteins on the C-15 
diet and after total-body X irradiation 






































Calories f tei | 
Days | BW* | BWt | T.cal-t | averted. neste Un/Tn§ 
Intake Output Balance 
1 YE, Saenger | 57.46 6. 18 97 +2. 21 0. 71 
2 291 +3.0 | 59.51 6. 40 4. 01 42. 39 .72 
3 292 +1.0 56. 43 6. 07 3. 82 +2. 25 74 
4 294 +2.0 57. 46 6. 18 4. 02 42.16 73 
5 298 | +4.0 56. 43 . 07 4.0 +2. 01 74 
450 r total-body X irradiation 
| | 
6 | 287 | —110 | 25.65 | 2.76 5.72 | —2.96 | 0.76 
7 +| 279 —8.0 26. 68 2. 87 5. 07 —2. 20 . 76 
8 | 276 —3.0 28. 22 3. 03 4. 73 —1. 70 . 75 
9 | 276 0. 0 39. 50 4. 25 4. 60 —0. 35 .72 
10 | 278 +2.0 48, 22 5. 18 4. 48 +0. 70 . 74 
11 | 280 | +20 | 47. 20 5. 07 4. 03 +1. 04 74 
12 280 | 0.0 | 51.30 5. 51 3. 90 +1. 61 74 
} | 
*Body weight. 
tDaily weight change. 
tT otal caloric intake. 


§Ratio of urinary urea nitrogen to urinary total nitrogen. 


planation for this observation can be offered at this time. It does suggest, 
however, that the metabolic recovery of the animals receiving a C-6 diet 
is different from that of the animals receiving isocaloric diets of higher 
protein content. 

It is known that following irradiation the experimental animals show 
a reduced caloric intake. This demands that endogenous energy sources 
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TABLE 3.—Average daily caloric balance (14 animals) derived from proteins on the C-6 
diet before and after total-body X irradiation 


















































Calories f i 
Days | BW* | BWt | T. cal.t Se Un/Tn§ 
Intake Output Balance 
1 St ee 47. 20 2. 1. 32 +1. 24 0. 44 
2 221.8 +1.7 46.17 2. 51 1. 23 +1. 28 - 45 
3 223. 4 +1.6 47. 20 2. 56 1. 29 +1. 27 .47 
4 224. 8 +1.4 48. 22 2. 62 1. 25 +1. 37 .47 
5 226. 4 +1. 6 45. 14 2. 45 1. 16 +1. 29 . 46 
450 r total-body X irradiation 
6 221.3 | —5.1 17. 96 0. 97 2. 42 —1.45 0. 58 
7 214.9 —6.4 16. 93 0. 92 2.18 —1. 26 59 
8 207. 6 —7.3 18. 47 1. 00 1. 75 —0. 75 61 
9 214.8 +7. 2 24. 11 1. 31 1. 46 —0. 15 52 
10 214. 7 —0.1 30. 78 1. 67 1. 26 +0. 41 48 
11 | 213. 5 —1.2 46. 17 2. 51 1.19 +1. 32 48 
12 | 211.3 | —2.2 44, 12 2. 39 1. 12 +1. 27 49 
| | 
*Body weight. 


tDaily weight change. 
tTotal caloric intake. 
§Ratio of urinary urea nitrogen to urinary total nitrogen. 


make up the energy deficit and should be manifest in a subsequent loss of 
weight. Our results are in agreement with this general observation. 
The experimental patterns which we observe—the reduced caloric intake, 
the negative protein caloric balance, and the weight loss—strongly indi- 
cate that one role of the nitrogenous compounds is protein catabolism to 
meet the energy deficit. The constancy of the urea-N/total N ratio in 
the control and experimental periods suggests that protein catabolism is 
unimpaired. 

The negative protein caloric balance seen immediately after irradiation 
is not what one would expect in simple total calorie reduction. For 
example, there seems to be a lack of protein sparing on the first 2 days of 
the experimental period, perhaps suggesting that some other mechanism 
directly associated with the irradiation injury is being manifest in nitrogen 
excretion. 

It is also possible that X irradiation may temporarily increase the 
metabolic requirements for one of the essential amino acids which may be 
limited in the C-6 diet. This would necessitate a greater catabolism 
of body substance to meet the immediate emergency than would be 
necessary with a 20-percent protein diet. 

A part of this increased nitrogen excretion may be attributed to the 
direct injury effect of X irradiation. 


Summary 


Rats fed a low protein diet (6-percent casein) show a marked increase 
in nitrogen excretion, while those ingesting a 15- or 20-percent casein diet 
show a much lower increase in nitrogen excretion when given 450 to 500 
r total-body X irradiation. 
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These increases in nitrogen excretion are to a great extent due to 
increased urea excretions and suggest increased protein catabolism. 

Food intake in all 3 groups is markedly reduced during the first 3 or 4 
days following X irradiation. 

As a result of radiation exposure, loss of appetite ensues, and coupled 
with radiation effects, demands for energy from endogenous sources are 
increased. 

Shielding the spleen in the C-6 group during X irradiation results in 
partial protection against increased nitrogen excretion following radiation 
exposure. 


(1) 
(2) 


(3) 


(4) 


(5 
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(6) 
(7) 


(8 


~~ 


(9) 


(10) 


(11) 





References 


Patt, H. M.: Some aspects of the biological action of high energy radiations. 
Ann. Rev. Nuclear Sc. 1: 495-524, 1952. 

: Protective mechanisms in ionizing radiation injury. Physiol. Rev. 
33: 35-76, 1953. 

Ho.LuAENDER, A., and Srapieton, G. E.: Fundamental aspects of radiation 
protection from a microbiological point of view. Physiol. Rev. 33: 77-84, 
1953. 

Brues, A. M., and Patt, H. M.: Mechanisms of protection against mammalian 
radiation injury. Physiol. Rev. 33: 85-89, 1953. 

Orp, M. G., and StocxkeEn, L. A.: Biochemical aspects of the radiation syndrome. 
Physiol. Rev. 33: 356-386, 1953. 

Waite, J., and Burr, B. E.: Nitrogen excretion following whole-body X-irradia- 
tion. (Abstract.) Cancer Res. 12: 307-308, 1952. 

Gros, C., and ManpbEt, P.: Variations in the minimal endogenous nitrogen 
consumption as a result of total X-ray irradiation. Compt. rend. Acad. Sc. 
231: 631-633, 1950. 

Gustarson, G. E., and Kotetsky, §8.: Nitrogen metabolism following whole 
body X-irradiation. Am. J. Physiol. 171: 319-324, 1952. 

Brvues, A. M.: Chronic external irradiation and neutron radiobiology. Nuclear 
Se. Abstr. 7: 7, 1953. 

Waite, J., Coot, H. T., Stanper, R. S., and Davin, P. W.: Metabolism of 
N®-labeled p-dimethylphenylenediamine in rats. J. Nat. Cancer Inst. 15: 
529-537, 1954. 

Jacosson, L.: Evidence for a humoral factor (or factors) concerned in recovery 
from radiation injury: A review. Cancer Res. 12: 315-325, 1952. 








Cirrhosis of the Liver in Rats Following 
Total-Body X Irradiation’? 


Jutius Wuitr, CHartes C. Conepon, Puiiip W. 
Davip, and Mona S. Atty, National Cancer 
Institute,’ Bethesda, Md. 


In a previous communication (1) it was indicated that the nitrogen 
excretion following total-body X irradiation was higher in rats ingesting 
a 6-percent casein diet than in those ingesting a 20-percent casein diet. 
It was also indicated that the urea nitrogen/urinary nitrogen ratio was 
higher in the former group of rats. Four days following this radiation 
exposure both groups began to show a positive nitrogen balance, a positive 
protein caloric balance and, in the 20 percent protein-fed group, a positive 
weight change. However, the rats ingesting the 6-percent casein diet 
continued to show weight losses. 

The failure of the rats ingesting the 6-percent casein diet to gain weight 
early in the postirradiation period led us to study the possible changes 
which might occur in some of the organs of these animals if they were 
allowed to continue on this diet for a prolonged period of time. 


Materials and Methods 


Male and female Sprague-Dawley‘ rats weighing 110 to 120 grams 
were divided into 4 groups and placed on 1 of the 4 diets indicated in 
table 1. Each animal was housed individually in a wire mesh-bottom 
suspended cage and was allowed to consume its respective diet ad libitum. 
The animals were allowed to ingest these diets for 30 days. They were 
then exposed to 450 or 500 r total-body irradiation® and were continued 
on their respective diets until they had died or were sacrificed when they 
began showing marked loss in weight and decreased food intake. At the 
time of death, gross autopsy examinations were carried out and pieces of 
liver were taken for subsequent microscopic study. 


1 Received for publication October 25, 1954. 

2 Presented in part at the meetings of the Radiation Research Society, Cleveland, Ohio, May, 1954. 

3 National Institutes of Health, Public Health Service, U. 8. Department of Health, Education, and Welfare. 

«Hormone Assay Laboratories, Chicago, Ilinois. 

‘ The irradiation conditions were 186 KVP, 20 Ma., 0.25 mm. Cu+0.55mm. Al. Two tubes opposite each 
other were used to obtain a uniform tissue dose; their foci were 35 cm. from the center of the mice. The dosage 
rate was 205 r per minute. 
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TABLE 1.—Composition of diets 




















| A.A,* C-6 | C-15 C-20 
| (gm.) (gm.) | (gm.) (gm.) 
eee eee | 0. 0 60 150 200 
RES Se arene rer ye | 658.5 150 150 150 
CN a s:a5 cp hc wenisekeecesy 40. 0 40 40 40 
PN ec eaivs scnhaeddvendimees nae 0. 0 475 385 335 
a Eee ee ere 100. 0 240 240 240 
pO "= Re re 0. 0 20 20 20 
| SO eee ee 0. 0 10t 10t 10t 
ta vivid nee ek meee bk aa | 2.0 5 5 5 
EE rr re ee | 8. 0 
I civvedecederennneewe 10. 5 
oe Ee ere 9. 5 
SEI re re ree 4.0 
CE Si dea chica dakeeek neh enanes | 1.0 
OEE TET TO 4.0 
i oe a eae 2. 0 
I halon aire move ean alarm ecea 6. 0 
NS neil: s nain sab whee nacevaneae | 2. 0 
| re 1.0 
CE, Si nencdcacennteaben 2. 0 
IE fg gsc te rend eater 20. 0 
SIR Si biN. cer ekerc beens ance 5. 0 
NS il ooe, sai nial ath a sono aes aeteacaneiies 15. 0 
eS rink) atten ain ee Gaal ate ewe 10. 0 
NE 16. 0 
I ei al ire aiinima diaphonli Sahed 20. 0 
Ce 8. 0 
Sodium bicarbonate................ 13. 0 
Ree ne irate alin etre wae oaarats 20. 0 
PE Oss wiecuncenicnd's ecnemmeints 20. 0 
PINES ic che knee seeevise ees 0. 5 
ME. Face cnticcaaenekkr eet esos 998. 0 1, 000 1, 000 1, 000 





*Vitamin supplements in mg.: Thiamin 5, riboflavine 10, pyridoxine 5, calcium pantothenate 5, nicotenamide 10, 
p-aminobenzoic acid 300, inositol 1,000, folic acid 5, biotin 1, choline 1,000, and 2-methy] 1,4-naphthaquinone 2. 
tFed as a separate supplement. 


TABLE 2.—Cirrhosis of the liver following 450 r total-body X irradiation on various diets 








: en of No. : Cirrhosis 
Diet ouiaaie deaths in | of liver after 
70 days 145 days 
ee oo ada trea ta uve Gin date Bim shee a 45 17 15 
0 Ie Can eae Lee ee 46 5 0 
Re aon Re aa gs oe tone Sac ane 45 19 0 
en ie a ca nat aid er en 20 2 0 
AS Re een ea ees 50 0 0* 














*No cirrhosis after 565 days. 
Results 


A total of 45 animals were placed on the C-6 diet (table 2). Of this 
group, 17 died within 70 days after irradiation. In the remaining 28 
animals, 15 developed cirrhosis of the liver, became moribund or died 
between the 145th and 283rd day. Two of the remaining 13 animals 
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are still alive after 400 days. Eleven of the 13 animals died between the 
119th and 288th day. Each of these showed gross evidence of pulmonary 
infection. 

The distribution of cirrhosis was nearly equally divided between the 
males and females (7 and 8, respectively). Grossly, the livers of the rats 
with cirrhosis showed a variation from mild degrees of nodular atrophic 
cirrhosis to the advanced condition demonstrated in figure 1. The 
cirrhotic parenchyma was usually yellow in color. Histologically, the 
regenerated liver lobules were separated by bands of connective tissue 
filled, in some livers, with ceroid pigment-laden cells (figs. 2 and 3). 
Numerous small bile ducts were also present. The regenerated liver cord 
cells frequently contained a large vacuole filled with sudanophilic material 
(fig. 4). There was no evidence of tumor formation. 

Forty-six rats were placed on the C-15 diet. Five animals died as a 
result of radiation exposure in the first 70 days. Between the 105th and 
223rd day, 14 died of pulmonary infection. Laparotomies were per- 
formed on the remaining 27 animals on the 225th day and no gross evi- 
dence of cirrhosis was observed. Twenty-three of these animals died 
with pulmonary infection between 227 and 396 days. Four are still alive. 

Forty-five animals were placed on the C-20 diet before and after irradi- 
ation. Nineteen died before the 70th day. Between the 76th and 223rd 
day, 17 died of pulmonary infection. There was no evidence of cirrhosis. 
Laparotomies were performed on the remaining 9 and there was no gross 
evidence of cirrhosis. Seven died between the 264th and 393rd day 
without evidence of cirrhosis. Two are still alive. 

Twenty animals were placed on the A.A. diet (amino acid mixture 
equivalent to the amino acid content in 15-percent casein). Two of these 
animals died on the second day following irradiation and the remaining 
18 animals were placed on the Purina chow diet on the 30th day following 
X irradiation. All 18 rats are still alive after 400 days. 


Discussion 


It has been generally assumed from morphologic studies that the liver 
is relatively resistant to X irradiation. Furth and Upton (2) have recently 
reviewed the effects of irradiation on the liver in various species. In 
general, doses greater than 12,000 r appear to be necessary to cause 
significant injury to the liver, although 2,500 to 12,000 r will cause damage 
to a lesser degree. Koletsky and Gustafson (3) have reported that after 
exposing the livers of rats by intravenous injection of radioactive gold 
_ equivalent to 40,000-60,000 r, enough liver cells remain undamaged to allow 
recovery although ultimately cirrhosis appears. Patt and Brues (4) in a 
review of the physiology of radiation injury have also reported that 
morphologically the liver appears to be relatively resistant. Since a 
number of chemical changes are reported to take place in the irradiated 
liver, they pointed out that metabolic disturbances in the liver are possible 
which are not evidenced by alterations in the morphology. 
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In this report the high incidence of cirrhosis of the liver in the group 
ingesting the low protein diet (C-6) and of the absence of cirrhosis in the 
other 3 groups of animals suggests a metabolic impairment resulting from 
the combination of total-body irradiation injury and the low protein diet. 
Low protein diets (4 percent) have produced cirrhosis of the liver (4). 
However, the 6-percent casein diet employed in part of these experiments 
does not produce cirrhosis by itself. In control animals used in this 
laboratory (nonirradiated on the C-6 diet) no case of cirrhosis has ap- 
peared even after 18 months on this regimen. 

The choline content of the 3 protein diets was equal. This is probably 
not a factor in the cirrhosis production even though the C-20 and C-15 
groups consumed more food. Whether exposure to radiation interferes 
with the utilization of cirrhosis-preventing components (choline, methio- 
nine, methyl groups, etc.) in animals ingesting a low protein diet is un- 
known at the present time. 

Pathologically, the character of the cirrhosis resembles the ordinary 
type of cirrhosis produced in rats by deficiency states. This is in contrast 
to the postnecrotic type of cirrhosis seen in animals receiving large injec- 
tions of radioactive colloidal gold. 

Pulmonary infection was a prominent cause of death in many of these 
rats, presumably due in part to the increased susceptibility to infection 
following total-body irradiation. 


Summary 


Rats fed a low protein diet (6 percent casein) developed cirrhosis of the 
liver in 53 percent (15 out of 28) of the animals which survived 450 or 
500 r total-body X irradiation. 

Rats fed either a 15- or 20-percent casein diet, or a diet in which the 15- 
percent casein was replaced by an amino acid mixture for a 30-day period, 
did not show cirrhosis for periods as long as 400 days following 450 or 
500 r total-body X irradiation. 

Pulmonary infection was a prominent cause of death in most of the 
groups of irradiated rats. 
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PLATE 67 


Figure 1.—Nodular atrophic cirrhosis of the liver of an irradiated rat on the C-6 low 
protein diet. 


Figure 2.—Section through one lobe of a liver showing advanced nodular atrophic 
cirrhosis. Trichrome stain. X 20 
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PLATE 68 


Figure 3.—Regenerated liver lobules showing many vacuolated liver cells. The } 
band of tissue between the lobules shows ceroid pigment-laden cells and connective 
tissue. Some of the elongated nuclei probably come from proliferating bile ducts. 
Hematoxylin and eosin. XX 215 


Figure 4.—Sudan stain on frozen section showing large fat droplets in parenchymal 
cells. XX 105 
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